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INTRODUCTION 

The  reaction  of  a  hydrocarbon  with  oxygen  is  a  complex  process 
involving  the  formation  of  a  large  number  of  products  which  themselves 
influence  the  oxidation,  particularly  as  they  are  usually  more  reactive 
than  the  parent  material.  As  a  consequence,  the  whole  process  is  highly 
autocatalytic  under  many  conditions,  and  the  nature  and  concentration  of 
the  radicals  vary  sharply  as  the  reaction  proceeds.  There  are  also 
regions  where  cool  flames  and  ignition  occur.  These  conditions  are 
not  suitable  for  the  elucidation  of  the  elementary  reaction  steps  and 
evaluation  of  rate  constants,  as  is  illustrated  by  the  very  limited 
amount  of  quantitative  information  that  has  been  obtained  by  direct  studies 
of  hydrocarbon  oxidation  despite  the  large  number  of  investigations  that 
have  been  made. 

Over  a  number  of  years,  the  Hull  group  has  been  concerned  with 
devising  systems  and  conditions  which  permit  the  evaluation  of  the 
elementary  steps  in  hydrocarbon  oxidation.  Three  main  approaches  have 

been  made. 

1.  The  mechanism  of  the  H2  +  reaction  is  well  established  in  the 
temperature  range  around  500°C,  and  rate  constants  for  the  reactions  involved 
have  b»-.  n  determined  accurately.  The  reaction  thus  forms  a  controlled 
environment  in  which  to  study  the  behaviour  of  an  additive  introduced  in 
concentrations  sufficiently  small  to  avoid  significant  disturbance  of  the 
radical  <:once..trations.  Information  can  be  obtained,  first  on  the  rate 
constants  for  the  reaction  of  the  radicals  H  and  OH  with  the  additive, 

and  secondly  or.  the  reactions  by  which  the  radical  formed  from  the  parent 
material  gives  rise  to  the  final  products.  The  advantages  of  this  approach 
are  that  the  radical  environment  is  under  control,  that  a  wide  variety 
of  additives  can  be  made  to  undergo  reactions  at  the  same  temperature,  ana 
that  the  intermediates  believed  to  be  important  can  be  studied  individually 
with  the  confidence  that  the  radical  environment  is  unaltered. 

2.  The  oxidation  of  aldehydes  in  the  range  150-300°C  is  a  complex  process, 
in  which  peracids  play  an  important  role.  At  temperatures  above  400°C, 
however,  a  much  simpler  mechanism  operates,  since  the  main  products,  an 
alkene  and  carbon  monoxide,  are  much  less  reactive  than  the  parent  aldehyde, 
so  that  the  complications  inherent  in  the  direct  oxidation  of  alkanes  do  not 


occur.  The  reaction  is  slightly  autocataly ti c  due  to  dissociation  of 
the  reaction  product,  hydrogen  peroxide,  a  fortunate  situation  that  permits 
evaluation  of  the  initiation  rate  for  aldehyde  +  oxygen,  and  also  enables 
the  rate  constant  for  HOj  +  aldehyde  to  be  determined.  The  carbonyl 
radical  RCO  readily  decomposes  at  these  temperatures  to  R  +  CO,  so  that 
reactions  of  alkyl  radicals  can  be  studied. 

3.  because  of  the  strain  in  the  central  C-C  link,  the  compounds 
2 ,2 , 3, 3- 1 o t rame thylbut anc  (TMB) ,  and  2,2 ,3-trimethylbutane  (TRIMB),  decompose 
by  C-C  homolysis  at  temperatures  much  lower  than  most  alkanes,  and  the 

rate  of  production  of  radicals  by  this  process  is  faster  by  a  factor  of 

2  3 

10  to  10  than  by  the  reaction  of  the  hydrocarbon  with  oxygen,  even  at 
atmospheric  pressure  of  oxygen.  The  decomposition  is  thus  a  source  of 
t-butyl  radicals  in  the  case  of  TMB,  and  of  t-butyl  and  i-propyl  radicals 
in  the  case  of  TRIMB,  thus  enabling  the  reactions  of  these  radicals  to  be 
studied.  In  the  presence  of  oxygen,  both  these  radicals  react  predominantly 
(99%)  to  give  the  HO^  radical  so  that  a  convenient  source  of  this  radical 
over  the  temperature  range  420-560°C  is  available. 

These  three  approaches  are  complementary  and  all  can  be  used  to 
advantage  in  elucidating  the  complex  processes  involved  in  hydrocarbon 
oxidation.  Tn  many  cases,  simultaneous  use  of  these  methods  has 
prevented  wrong  conclusions  being  drawn. 

By  use  of  these  methods  it  has  been  shown  that  four  main  types  of 
reaction  account  for  the  majority  of  initial  products  in  alkane  oxidation 
at  450-55C°C. 

(a)  Reaction  of  the  alkyl  radical  with  oxygen  to  form  the 
conjugate  alkene . 

(b)  Decomposition  of  the  alkyl  radical  to  a  lower  alkene 
and  a  smaller  alkyl  radical. 

(c)  Isomerisation  of  the  alkylperoxy  radical  by  internal 
hydrogen  abstraction  to  form  a  hydroperoxyalkyl  radical, 
which  subsequently  decomposes  to  give  oxygenated  ring 
compounds . 

(d)  Reaction  of  the  hydroperoxyalkyl  radical  with  oxygen  to 
give  lower  aldehydes  and  ketones. 

A  body  of  rate  constants  for  these  four  types  of  reaction  is  being  built 
up  and  the  patterns  involved  are  beginning  to  emerge.  It  should  thus  be 
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possible  to  use  these  patterns  to  provide  rate  constants  for  computer 
modelling  of  the  initial  stages  of  hydrocarbon  oxidation  for  hydrocarbons 
which  have  not  been  studied  experimentally.  The  possibility  has 
already  been  examined  in  the  case  of  n-pentane. 

As  already  pointed  out,  alkenes  are  an  early  product  of  alkane 
oxidation,  and  a  full  computer  modelling  of  hydrocarbon  oxidation 
requires  an  understanding  of  the  mechanism  of  alkene  oxidation.  This 
process  is  even  more  complex  than  alkane  oxidation,  since  both  radical 
addition  and  radical  abstraction  reactions  are  possible,  and  the  full 
range  of  approaches  already  described  will  certainly  be  needed. 

Significant  progress  in  understanding  the  processes  involved  has  been 
made  as  a  result  of  detailed  studies  of  the  addition  of  ethene  and  propene 
to  slowly  reacting  mixtures  of  hydrogen  and  oxygen  at  about  500°C,  and  as 
a  result  of  limited  studies  with  the  butenes  and  pentenes,  made  incidentally 
during  investigations  with  the  corresponding  alkanes.  Four  main  types  of 
reaction  appear  to  account  for  the  main  oxidation  products  from  alkenes. 

(a)  OH  addition  to  the  alkene,  which  appears  to  be  the  cause  of  the 
high  aldehyde  yields  in  alker.e  oxidation,  though  the  exact 
mechanism  remains  uncertain. 

(h)  H07  addition  to  the  alkene,  which  accounts  for  the  high  yields 

of  oxirans. 

(c)  H  addition  to  form  a  vibrationallv-excited  alkyl  radical,  which 
then  decomposes  completely  or  partially  to  a  lower  alkene  and 

a  lower  alkyl  radical. 

(d)  H-abstracti on  from  the  alkene  by  the  radicals  H,  OH  and  HO^ 
to  give  an  alkenyl  radical.  Virtually  no  information  is 
available  on  the  oxidation  reactions  of  these  radicals. 

Details  of  individual  studies  are  given  in  the  following  pages. 
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The  hydrogen  +  oxygen  reaction 

Previously  published  rate  constants  for  the  very  important 
elementary  steps  in  the  reaction  between  and  02  have  been  evaluated 
with  increased  accuracy  by  allowing  for  the  effect  of  self-heating  in 
the  system,  the  reaction  of  0  atoms  with  hydrogen  peroxide,  and  other 
minor  refinements  in  the  mechanism.  The  results  indicate  that,  in 
most  cases,  the  changes  in  the  parameters  due  to  the  above  effects  are 
less  than  10%,  and  the  new  values  are  summarised  in  Table  1  below. 


Table  1 

Rate  Constant  Ratios  in  +  0^  Reaction  at  500° 


k.  /k  k  ^ 

8'  2  10  , 

Si 

0.53 

(dm3 

mol 

V* 

k8a/k2k10 

= 

0.081 

(dm3 

mol 

V4 

kn/kio* 

= 

0.0366 

(dm^ 

mol 

'V 

k14/k2 

s= 

281 

34 

14a  2 

k  /k. 

= 

4.5 

15  1 

OH 

«2 

= 

h2° 

+ 

H 

(1) 

H 

+  °2 

« 

OH 

+ 

0 

(2) 

H 

+  ho2 

= 

20H 

(8) 

H 

+  H02 

= 

H2 

+ 

°2 

(8a) 

H°2 

+  H02 

= 

H2°2 

+ 

°2 

(10) 

ho2 

H2 

= 

H2°2 

+ 

H 

(ID 

H 

+  H2°2 

s 

h2o 

+ 

OH 

(14) 

H 

+  H2°2 

= 

H2 

H°2 

(14a) 

OH 

H2°2 

= 

H20 

+ 

ho2 

(15) 

By  use  of  the  accurately  known  values  of  k2  and  k^g,  and  by  combining 

the  present  results  with  data  at  other  temperatures,  the  Arrhenius 

expressions  in  Table  2  are  recommended.  Information  in  the  literature 

on  reactions  (14)  and  (14a)  at  lower  temperatures  is  conflicting, 

and  the  alternative  interpretations  are  discussed  in  a  recently  published 
1 

paper. 
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Table  2 


Recommended  Arrhenius  Parameters  for  Fractions  in  H2  +  0^  System 

„/..r  __,-i  A/(dm3mor1s"1) 


E/kJ  mol 


H 

+ 

H02  =  20H 

7.6 

5.4 

H 

+ 

H°2  =  H9 

+ 

°2 

0 

2.8 

H 

+ 

K02  *  H2° 

+ 

0 

7.6 

5.5 

ho2 

•f 

h2  =  h2o2 

+ 

H 

90.0 

2.0 

OH 

H202  =  H20 

+ 

ho2 

4.8 

3.7 

Studies  of  the 

addition  of  CO 

to  slowly 

reacting 

+  02  have  enabled  values  to  be  obtained  for  the  rate  constants  for 

reactions  of  OH  and  HO^  radicals  with  CO  at  500°C.  These  reactions 

are  of  particular  interest  in  the  problem  of  atmospheric  chemistry  and 

automobile  engine  pollution,  and  conflicting  values  of  k22  in  particular 

have  been  published.  Two  types  of  study  havp  been  made,  first  the  yields 

of  00 ^  when  small  amounts  (}l%)  of  CO  are  added,  and  secondly,  the  effect 

of  large  amounts  of  CO  on  the  induction  period  and  maximum  rate  of  the 

slow  reaction.  Values  of  k  /k.  =  0.235  -  0.02,  k„9/k  ^  =  0.42  -  0.03 

3  -l-l'  211  o  2/10 

(dm  mol  s  )5  have  been  obtained  at  500  C,  which  combined  with  the 

8  3  -1-1 

accurately  known  values  of  k1 ,  k._,  give  k  =  0.96  x  10  dm  mol  s  , 

4  *  ^  10  3  -1  -1 

k  =  1.9  x  10  .  Arrhenius  parameters  A  =  5 . 8  x  10  dm  mol  s  , 

-2  -1  22  2 

F-2?  =  96.0  kJ  mol  are  recommended.  This  work  has  been  published. 
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2.  Addition  of  alkanes  to  slowly  reacting  mixtures  of  hydrogen  and  oxy 

(a)  Rate  constants  for  reaction  of  H  atoms  and  OH  radicals  with  alkanes 

Results  previously  reported  for  the  rate  constants  for  reaction  of 
H  atoms  and  OH  radicals  with  the  hydrocarbons  ethane,  propane,  n-  and 
i -butane,  and  n-  and  neo-pentane  have  been  re-examined  to  allow  for  the 
pressure  changes  due  to  the  oxidation  of  the  hydrocarbon,  self-heating 
of  the  reaction  mixture,  and  removal  of  the  hydrocarbon  by  attack  of  0 
atoms  and  of  HO^  radicals.  A  computer  treatment  has  enabled  all  these 
conpli cations  to  be  analysed.  Although  no  single  factor  has  a  major 
effect,  the  combined  effect  is  to  reduce  the  rate  constant  for  OH  attack 
by  a  factor  of  approximately  2,  whereas  the  value  for  H  attack  is  almost 
unalte  red. 


OH 

+ 

U2 

= 

HpO 

+ 

H 

(1) 

H 

+ 

°2 

= 

OH 

+ 

0 

(2) 

OH 

+ 

RH 

= 

HpO 

+ 

R 

(3) 

H 

+ 

RH 

= 

H2 

+ 

R 

(4) 

Examination  of  the  results  indicates  that  the  total  rate  constant 

for  radical  attack  on  an  alkane  can  be  obtained  by  summing  the  contributions 

from  attack  at  the  three  di fferent  types  of  C-H  bond,  primary,  secondary 

.  .  4 

and  tertiary,  in  the  molecule.  Combination  with  data  by  Greiner  at 
lower  temperatures  for  OH  attack  enables  the  Arrhenius  parameters  A^/A^ 
and  (E  ^  -  f  ,)  to  be  obtained  for  each  type  of  bond.  The  data  for  C?-C^ 
alkanes  art  self-consistent,  and  examination  indicates  that  the  overall 
rate  constant  ratio  k^/k^  can  be  expressed  by  equation  (i). 

k_/k,  =  O. 21 4n  exp(1070/T)  +  0.173n  exp(1820/T)  +  0.273n  exp(2060/T)  (i) 

3  1  p  s  t 

where  n  ,  ns  and  nt  are  the  number  of  primary,  secondary  and  tertiary  C-H 
bonds  in  the  molecule.  Similar  treatment  of  the  data  for  H  atoms  gives 
the  expression  (ii)  for  the  ratio  k ^ /k ^  at  480°C. 

k,/k„  =  7. On  +  43n  +  160n  (ii) 

4  2  p  s  t 

Absolute  values  of  k^  and  k^  can  be  obtained  by  substituting  the  known 
values  of  k.  and  k~  in  expressions  (i)  and  (ii).  By  fitting  a  slight  curve 
to  the  points  obtained  by  Greiner,  by  Eberius  et  al.,  and  by  Westenberg 
and  de  Haas,^  Baldwin  and  Walker^  give  k^  =  1.28  x  10^  exp(-1480/T) 
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3  -1  -1 

dm  mol  s  over  the  temperature  range  300-900  K.  The  best  value  of 
k.2  at  480°C  is  obtained  by  combining  the  ratio  =  44  for  ethane  from 

Q 

addition  studies  with  Camilleri,  Marshall  and  Purnell’s  expression 
=  1.32  x  10^  exp(-4 715/T) ,  giving  k2  =  5.7  x  10^  dm^  mol  *  s 
Data  on  rate  constants  at  other  temperatures  are  more  limited  for  H 
than  for  OH,  but  on  the  basis  of  the  data  available,  the  following 
Arrhenius  parameters  are  recommended. 


Table  3 

Arrhenius  Parameters  for  H  Abstraction  by  H  Atoms  from  Alkane 


Type  of  bond 

E,/kJ  mol  ^ 

4 

pc  L  11  U  KJ 

.  3  -1  -1 

dm  mol  s 

f  rimarv 

39.2 

2.2  x  1010 

se  condary 

33.3 

4.9  x  1010 

Lerti ary 

25.2 

5.1  x  1010 

To  deduce  the  mechanism  of  product  formation  in  alkane  oxidation, 

it  is  necessary  to  know  the  proportions  of  the  various  radicals  formed 

by  H  and  OH  attack  on  the  alkane,  and  equations  (i)  and  (ii)  provide  the 

best  available  method.  However,  this  procedure  may  be  less  reliable  if 

there  is  a  high  degree  of  branching  in  the  molecule.  This  is  shown  by 

9 

some  experimental  studies  recently  made  with  2 , 2 , 3 , 3- te trame thy Ibutane 
as  additive.  The  rate  constant  ratios  k^/k^  and  k^/k3  at  480°C  are  given 
below  for  this  hydrocarbon  and  for  neopentane  and  ethane,  which  also  contain 
only  primary  C-H  bonds. 

Table  4 

Rate  Constant  Ratios  for  H  +  RH  and  OH  -t  RH  at  480°C 
Hydrocarbon  k^/k.  k . /k„ 


e  thane 

neopentane 

te  trame  thy  lb  utane 


k3/kj 

5.7  1  0.5 
10.0  -  1.0 
8.0  1  1.0 


Vk2 

44  i  4 
52-5 
112  -  8 


On  a  simple  additivity  basis,  these  results  should  each  be  in  the  ratio 
1:2:3. 

Recent  work  with  2 ,2 , 3- trime thy Ibutane  gives  k^/k^  =  12.2  -1.5  and 
k^/k2  =  257  -  10  at  480°C.  These  may  be  compared  with  values  of  17.5  and  265 
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calculated  from  expression  (i)  and  (ii).  Use  of  independent  data  for 

9  9  3  -1  -1 

and  k£  gives  k^  *  4.5  x  10  and  k^  =  1.48  x  10  dm  mol  s 

*  +  Q 

Combination  with  Greiner's  low  temperature  results  gives  A.  *=  (5.9  -  0.5)  x  10 

O  — 1  —1  _  "I  ^ 

dnr  mol  s  and  =  1800  -  300  J  mol  .  This  work  has  now  been 
submitted  for  publication. 

The  results  in  Table  4  suggest  that  the  method  used  to  obtain  the 

values  for  the  tertiary  C-H  bond  in  equations  (i)  and  (ii)  should  be 

slightly  refined.  The  values  for  k^/k^,  k^/k2  have  thus  been  obtained 

fromk^/k^  =  12.2,  k^/k2  =  257  by  subtracting  the  contribution  for  fifteen 

primary  C-H  bonds  using  the  value  per  primary  C-H  bond  obtained  from  k^/k^, 

k./k„  for  tetramethylbutane .  The  values  of  k^/k,  =  5.5,  kf/k-  =  164  are 
42  3142 

in  close  agreement  with  values  of  5.0,  184  respectively  using  the  values  of 
k^/k^,  k^/k 2  for  isobutane  and  allowing  for  the  contribution  of  primary 
C-H  bonds  using  the  values  of  k^/k^,  given  in  Table  4  for  neopentane. 

By  combining  the  present  value  of  k^  (calculated  from  the  known  value  of 

k ^ )  obtained  from  2 ,2 , 3-trimethylbutane  and  2 ,2 ,3, 3- te trame thy lbutane  with 

the  values  given  by  Greiner,^*  treated  in  the  same  way,  log^iA^/dm^  mol  1  s  *)  = 

9.23  -  0.10,  =  -960  -  800  J  mol  *.  Alternatively,  use  of  the  values 

^  t  3  —  i  —  i 

for  isobutane  and  neopentane  gives  log  (A  /dm  mol  s  )  =  9.41  *  0.10, 

t  —  1  ^ 

E ^  =  2250  -  800  J  mol  .  The  reason  for  the  difference  in  these  two  sets 
of  parameters,  which  has  its  origin  in  Greiner's  results  since  the  two  sets 
of  values  of  k^/k^  are  within  10%  at  480°C,  is  not  clear.  From  the  mean 
line  through  the  log  k^,  1/T  plots  tor  i-butane  and  2 ,2 , 3-trimethylbutane , 
log^0(A^t/dm^  mol  *  s  *)  =  9.32  ±  0.10,  =  460  *  950,  and  these  parameters 

are  recommended  for  general  use  with  alkanes  in  the  temperature  range  300-1500  K. 


*  \ 
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(b )  Reactions  of  alkyl  radicals 

The  second  object  of  studies  of  the  addition  of  small  amounts  of  an 
alkane  to  slowly  reacting  mixtures  of  is  to  obtain  information  on 

the  reactions  of  the  radicals  produced  from  the  alkane,  and  the  mechanism 
of  formation  of  the  various  products.  The  advantages  of  this  approach 
over  direct  studies  of  alkane  oxidation  have  been  discussed  elsewhere,  and 
include  the  fact  that  the  radical  concentration  is  controlled  by  the 
H9  +  00  system  rather  than  the  alkane,  the  fact  that  a  wide  range  of 
concentrations  can  be  investigated  under  essentially  identical  conditions, 
and  that  primary  and  secondary  products  can  easily  be  distinguished. 

Studies  with  a  range  of  alkanes  have  clarified  considerably  the 
mechanism  of  oxidation  and  suggested  that  the  main  initial  products  in  alkane 
oxidation  at  temperatures  around  500°C  result  from  four  major  types  of 
reaction. 

(i)  Decomposition  of  the  alkyl  radical  to  a  lower  alkene  and  a 
smaller  alkyl  radical. 

(ii)  Formation  of  conjugate  alkenes  by  the  reaction  of  the  alkyl 
radical  with  02,  for  example: 

n-C3H7  +  02  C3Hfi  +  HO 2  (5p) 

Although  this  reaction  may  occur  through  addition  of  0?  to  the  alkyl 
radical  to  form  the  R02  radical,  followed  by  decomposition  to  give  the 
alkene  +  HO2,  this  path  is  kinetically  identical  to  reaction  (5p) ,  since 
R  and  R02  are  almost  always  equilibrated,  and  the  bimolecular  form  (5p) 
is  p re f e r re d . 

(iii)  Addition  of  O2  to  form  the  ROj  radical  followed  by  isomerisation  to 
give  a  peroxyalkyl  radical  (QOOH)  and  decomposition  to  give  an  oxygen¬ 
ring  compound.  This  is  illustrated  by  the  formation  of  isobutene  oxide 
from  isobutyl  radicals. 


CH. 


CH, 


CH, 


CH, 


CH.C-CH.  +  0. 

ii  Z  L 


k' 

CH.C-CH.  =  CH.C-CH-  =  CH.C-CH.  +  OH 
3|  |  2  3,2  3  W  2 


H  00 


H00 

(QOOH) 


As  shown  in  previous  papers,  the  overall  rate  constant  for  this  reaction 
is  giver,  by  expression  (iii) 

k  =  Kk*  (iii) 

where  K  is  the  equilibrium  constant  for  the  R  +  O2  =  RO2  equilibrium. 


10 


(iv)  Reaction  of  the  peroxyalkyl  radical  (Q00H)  with  C>2  to  give  oxygenated 
products,  such  as  aldehydes  and  ketones. 

With  the  completion  of  studies,  now  published,^  with  i-butane  as 
additive,  rate  constants  for  a  number  of  specific  radicals  giving  specific 
alkenes  have  been  obtained,  and  these  are  summarised  in  Table  5.  The 
studies  with  i-butane  have  been  particularly  important  in  two  respects. 

First,  a  value  of  k.  =  6.8  x  10^  has  been  obtained  which,  when  combined 

-*  9  3-1-1 

with  a  low  temperature  measurement  gives  A.  =  6.9  x  10  dm  mol  s  , 

-1 

=  29  kJ  mol  .  No  other  determinations  of  the  Arrhenius  parameters  for 

conjugate  alkene  formation  exist.  From  measurements  of  the  relative  yields 

of  isobutene  oxide  and  3-me thy loxetan ,  a  value  of  k,/k_  =  4.1  -  0.4  is 

o  7 

obtained.  Use  of  the  rather  uncertain  value  of  the  rate  constant  for 

the  decomposition  of  i-butyl  radicals,  together  with  the  best  thermochemical 

.  5-1  4 

data  available  for  reaction  (8),  gives  =  1.83  x  10  s  ,  k^  =  4.45  x  10 

s  ^  at  480°C.  No  other  experimental  value  is  available  for  k,  nor  for 

‘  6 

any  similar  reaction  involving  the  transfer  of  a  tertiary  H  atom.  Rate 
constants  for  the  isomerisation  of  RO^  radicals  to  Q00H  radicals  are 
summarised  in  Tabic  6. 

CH  GH(CH3)CH  +  02  (CH3)2C=CH2  +  H00  (5) 

CH3C'H(CH3)CH002  -v  CH3C(CH3)(CH2OOH)  (6) 

CH3CH(CH  )CH  0  ->  CH3CH(CH9OOH)CH2  (7' 

CH3CH(CH3)CH  +  02  CH3CH(CH3)CH202  (8) 

A  summary  of  all  the  rate  constants  obtained  by  the  study  of  i-buia  e 
as  additive  is  given  in  Appendix  1. 

A  complete  analysis  of  the  products  when  the  highly  branched  alkane 
2 ,2 , 3, 3-te trame thylbutane  (TMB)  is  the  additive  has  been  made  at  480°C 
over  a  wide  range  of  mixture  composition.  Isobutene  in  about  95%  yield 

is  the  only  major  initial  product,  although  small  amounts  (ca.  1%)  of 
propene,  2 ,3, 3-trimethylbutene-l ,  isobutene  oxide,  formaldehyde  and  methane  are 
also  formed.  No  evidence  has  been  found  for  the  presence  of  0-ring 
compounds  containing  the  same  number  of  carbon  atoms  as  TMB.  Thus,  even 
at  pressures  of  02  approaching  atmospheric,  the  TMB  radical  ( (CH3) 3C-C(CH 9CH9) 
breaks  down  almost  completely  by  the  dissociation  reaction  (9)  at  480°C. 

By  measuring  the  yields  of  (propene  +  2 ,3, 3-trimethylbutene-l)  relative  to 
i-butene  as  a  function  of  09  concentration,  the  ratio  k^/k^  has  been 
obtained.  From  a  reasonable  estimate  of  k  ,  based  on  analogous 


Table  5 


Rate  Constants  for  Formation  of  Alkenes  and  Dienes 

at  480°C 


Radi  cal 

Type  of  CH 

Bond 

Product 

k 

3 

k/dm  mol 

per  C-H 

-1  -1 
s 

bond 

AH 

dm^mol 

■1  -1 
s 

kJ  mol  1 

CH  CH 

Primary 

C2H4 

6.6 

X 

10  7 

2.2 

X 

io7 

-45.0 

ch3chch3 

Primary 

C3H6 

1.3 

X 

108 

2.1 

X 

io7 

-39.8 

ch3chch9ch3 

Primary 

C4H8‘1 

5.1 

X 

10  7 

1.7 

X 

107 

-37.5 

CH3GH  CH2 

Secondary 

SH6 

7.1 

X 

107 

3.6 

X 

107 

-53.5 

CH3CH2CH2CH2 

Se  condary 

C4H8_1 

1.6 

X 

108 

8.0 

X 

io7 

-55.5 

CH  CHCH  CH 

Secondary 

W2 

( trans) 

7.8 

X 

107 

3.9 

X 

10  7 

-49.0 

C4H8"2 

(cis) 

4.3 

X 

io7 

2.2 

X 

io7 

-45.0 

(CH  )  CHC112 

Te  r  t.  i  ary 

W*H8 

6.8 

X 

107 

6.8 

X 

io7 

-61.5 

c:h9chchch2ch3 

- 

CH2-CHCH=CHCH 

2.1 

X 

io6 

1.05 

X 

io6 

-14.0 

The  underlined  H  atom  indicates  the  site  of  removal. 


Table  6 


Rate  Constants  for  the  formation  of  QOOH  Radicals 


C-H  bond  broken 

Type  of  H  atom 
,  a 

transfer 

k/s  3 
at  480°C 

E^/kJ  mol 

1 , 3p 

(1.3  x  lO1)0 

159 

i 

| 

l,4p 

2.2  x  KT 

125 

'  primary 

l,5p 

1.8  x  104 

113 

l,6p 

6.0  x  104 

105 

1, 7p 

9.3  x  104 

103 

1,3s 

(1.4  x  102) 

144 

j 

1,4s 

2.4  x  104 

111 

1  secondary 

1,5s 

3.0  x  105 

95 

; 

1,6s 

(6.5  x  105) 

90 

( 

t 

1 , 3t 

1.5  x  103 

130 

•1 

terti ry 

1 ,4t 

1.8  x  105 

98 

c 

1,5c 

(2.2  x  103) 

8; 

i 

l,6t 

(7.1  x  106) 

75 

f 

i  i 


4 

I  i 


In  this  tabic,  p,  s,  t  refer  to  abstraction  from  primary,  secondary 
and  tertiary  C-H  bonds,  and  the  adjacent  numbers  refer  to  the 
position  of  the  atom  abstraction  as  illustrated  below  for  a  l,5p 
transi tion. 


4 

CH_ 


3  CH. 


\  5 
CH„ 


l,3p 

- * 


/  CH2 


\ 


CH„ 


CH 


\ 


0-0- 
2  1 


.  -  H 


\ 


0-0 


(Calculated  using  A 


ID12'1  s"\ 


the  value  suggested  by  Benson  for 


a  1,5  transfer.  It  has  been  suggested,  however,  that  the  value 
of  A  decreases  as  the  ring  size  increases. 


Values  in  brackets  are  estimates,  based  on  the  experimental  values. 
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reactions,  k^  =  1.9  x  10^  s  ^  at  480°C.  This  value  is  a  factor  of  10-lu0 
times  greater  than  the  values  of  rate  constants  for  the  C-C  homolysis  of 
n-C^H^,  s-C^Hg ,  i-C^Hg  and  neo-C^H^  radicals,  presumably  because  of 
the  considerable  strain  in  the  central  C-C  bond  in  the  TMB  radical. 

(CH3)3C-C(CH3)2CH2  =  t-C^  +  i_C4H8  (9) 

(CH3)3C-C(CH3)2CH2  +  02  -»  (CH3)3C-C(CH3)=CH2  +  HCHO  +  OH  (10) 

From  the  yields  of  2 , 3, 3- trime thy lbutene-1 ,  the  rate  constant  k 

4-1  1 1 

has  been  obtained  as  1 . 1  x  10  s  ,  close  to  the  expected  value  for  loss 

of  a  methyl  radical  by  C-C  homolysis.  No  rate  constants  for  the 

decomposition  processes  k^  and  were  previously  available. 

(CH  )3C-C(CH3)2CH2  =  (CH3)3C-C(CH3)-CH2  +  ch3  (11) 

In  the  case  of  propy lperoxy ,  neopen tylperoxy  and  all  four  species 
of  butylpcroxy  radical,  the  hydrope roxyalkyl  radicals  (Q00H)  formed  by 
internal  H-atom  transfer,  either  decompose  by  loss  of  OH  and  then  cyclise 
to  give  an  0-ring  compound,  or  add  a  further  r  ilecuie  of  02  before 
decomposing.  No  evidence  has  been  found  for  either  of  these  types  of 
reaction  in  the  case  of  the  Q00H  radical  formed  from  tetramethy lbuty lperoxy 
radicals,  and  it  appears  to  react  uniquely  by  g-  and  y-scission  to  give  lower 
alkenes,  as  illustrated  by  the  reaction  below. 

(C.!!  3)  3C-C(C.H3)9(CH200H)  ->  i -^H  +  +  HCHO  +  OH 

The  shift  t <<  l.-C  scission  reactions  in  the  case  of  Q00H  radicals  formed 
from  TMB  must  tlms  be  associated  with  the  steric  strain  in  the  central 
C-C  bond. 

9 

This  work  has  now  been  published  and  the  rate  constants  obtained 
are  summarised  in  lable  7. 

A  detailed  study^  has  been  made  over  a  wide  range  of  mixture  composition 
using  2 ,2 , 3-trime thy lbutane  (TRIMB)  as  additive;  rate  constants  for  H  and 
OH  attack  on  this  alkane  have  been  discussed  in  section  (a).  The  mechanism 
of  producL  formation  is  considerably  more  complex  than  that  for  TMB  lor:  <>• 
three  different  species.  A,  B,  and  C,  are  formed  by  radical  attack  on  TK1K.<. 


Reaction  (10),  though  represented  kinetically  by  the  equation  given, 
proceeds  through  formation  of  the  peroxyradi cal ,  isomerisation  to  a 
peroxyalkyl  radical,  and  subsequent  decomposition,  as  already  discussed. 


.«■ 
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(CH  ) 3CCH(CH3)CH2  (CH3) 3CC(CH3)2 

(B)  (C) 

As  a  necessary  pre-requisite  to  quantitative  interpretation,  by  using 

the  additivity  principle  expressed  by  equations  (i)  and  (ii),  the  proportions 

o£  the  three  radicals  formed  may  be  calculated.  For  the  standard  mixture, 

02  =  70,  H2  =  140,  =  285,  TRIMB  =  5  Torr  at  480°C,  the  initial  yields 

are  A  =  18.5%,  B  =  12.5%,  and  C  =  69%,  with  little  change  in  the 
proportions  as  the  mixture  composition  is  varied. 

Product  analysis  shows  that  the  major  initial  products  are  isobutene 
and  propene,  formed  in  nearly  equal  amounts  (about  80%  of  TRIMB  consumed 
for  the  above  mixture),  and  2 , 3, 3-trime thy lbutene-1  (13%),  with  lower 
alkenes,  formed  by  CH3  loss  from  radicals  A,  B,  and  C, as  minor  products. 

The  yield  of  2 , 3, 3- 1 rime  thy lbutene-1  increases  markedly  with  increase  in 
the  pressure  of  02<  It  is  concluded  from  a  detailed  analysis  of  the  results 
that  radicals  A  and  B  predominantly  undergo  homolysis  of  the  strained 
central  C  -  C  bond. 

(ch3),cch(ch3)2  -  (ch3)2c=ch2  +  ch3chch3 

CH, 

(CH3)3r:CH(CH3)CH2  -  CH3CH=CH2  +  (ch3)3c 

Although  previous  studies  have  established  that  99%  of  t-butyl  and 
isopropyl  radicals  react  with  C>2  to  give  isobutene  and  propene,  respective  ]  v , 
under  the  conditions  used,  it  is  clear  that  radical  C  must  be  a  major  source 
of  these  alkenes.  After  allowance  for  formation  from  radicals  A  and  B, 
the  relative  rate  of  format ioir  of  isobuLene  (from  C)  and  2, 3, 3-trime thyl- 
buiene-1  is  inversely  proportional  to  the  pressure  of  C>2 .  As  radical  C. 
cannot  undergo  a  simple  homolysis  of  the  central  C  -  C  bond  without  H  atom 
transfer,  which  would  be  very  slow,  it  is  suggested  that  C  decomposes  into 
isobutene  and  isopropyl  radicals  in  a  concerted  mechanism. 

(CH3)3CC(CH3)2  -  (CH3)2C  —  C(CH3)2  -►  i-C^Hg  +  CH3CHCH3 

H2C  —  H 

The  oxygen  dependence  provides  strong  support  for  the  formation  of 


(CH3)2CCH(CH3)2 


CH2 

(A) 


2,3,3-trimethylbutene-l  in  the  following  reaction. 


(c»3)3cc(ch3)2  +  o2  -  (ch3)3cc(ch3)=ch2  +  ho2 

Rate  constants  have  been  obtained  for  the  concerted  reaction  of  radical  C 
and  for  the  various  homolyses  of  radicals  A  and  B,  and  the  values  are 
summarised  in  Table  7,  together  with  values  for  the  decomposition  of  related 
radicals  obtained  in  a  similar  manner.  The  values  in  Table  7  have  not 
previously  been  determined,  and  this  is  indicative  of  the  general  lack  of 
rate  data  for  elementary  combustion  reactions  involving  alkyl  radicals 
containing  more  than  five  carbon  atoms. 


Measurements  at  temperatures  significantly  different  from  4801  C  were 

not  possible,  but  activation  energies  may  be  calculated  from  estimates  of  the 

A  S  ^  /  R 

factors  for  the  homolyses.  From  transition  state  theory,  A  =  tekT/h)e  , 

;o  that  A  is  effectively  determined  by  the  values  of  AS* .  Various  arguments 

*  -1  -1 

ay  be  advanced  for  a  value  of  AS  ■v  4  J  K  mol  for  all  the  homolyses, 
so  that  A  is  estimated  as  10^’®  s  *  at  480°C.  Combination  of  this 

value  with  the  rate  constant  of  each  homolysis  at  480°C  gives  the  activation 
energies  shown  in  Table  7,  the  accuracy  specified  being  due  to  the  uncertainty 
n  th e  v a  1 ue  of  A . 


A  full  analysis  of  the  reaction  products  has  also  been  made  with 

n-pentane  as  additive.  Details  of  the  product  distribution  have  been  given 

P  1  3 

in  an  earlier  report  and  in  published  papers.  At  the  time  of  the  study, 

no  specific  rate  constants,  except  for  H  and  OH  attack  on  pentane,  were 
available  for  any  of  the  elementary  reactions  involved  in  the  system. 

However,  by  use  (without  modification)  of  rate  constants  obtained  from 
studies  with  C.;  -  alkanes  and  neopentane,  it  is  possible  to  predict 
the  initial  yields  of  the  major  products  (accounting  for  95%  consumed) 
from  pentane  to  better  than  a  factor  of  2  over  a  wide  range  of  mixture 
composition.  The  possibility,  applied  here,  of  the  general  use  of  rate 
constants  determined  for  specific  reactions  is  of  great  importance  to  computer 
modelling  of  complex  systems,  where  it  is  extremely  unlikely  that  a  major 
proportion  of  the  rate  constants  is  known  accurately. 


Although  showing  only  minor  changes  from  those  used  above,  accurate 
rate  constants  for  the  specific  elementary  reactions  in  the  pentane  system 
may  be  obtained  from  a  quantitative  treatment  of  the  results.  Use  of  the 
rate  constants  for  attack  of  H,  OH,  and  H02  at  specific  C  -  H  bonds  in  pentane 


1A 


1 1 .  ib  K' s  tin-  ;•  i  i>;>i  n  t  1  oils  of  1-pentyl,  2-pentvi,  and  3-pentyl  radicals  to  be 

a  1  cu  1 «  u  tor  ill  the  mixtures  used.  By  use  of  a  wide  range  of  H?  ,  and 

!  it  t  i  oil  ar  ly ,  of  0 ^  (8  -  355  Torr)  pressures  it  is  possible  to  confirm 

uggisud  mechanisms  for  the  oxidation  of  each  of  the  three  species  of 

pentyl  radical.  Rate  constants  have  been  obtained  for  the  first  time  for 

a  inigo  number  of  Lhe  elementary  reactions  involved,  and  the  values  form  a 

\erv  consistent  pattern  with  those  determined  from  studies  with  the  C„  -  C, 

2  A 

alkanes  and  neopentane  as  additive.  Rate  constants  for  the  pentane  system 
are  summarised  in  Appendix  II. 
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3.  Addition  of  alkenes  to  slowly  reacting  mixtures  of  hydrogen  and  oxygen 

Previous  studies  of  the  addition  of  alkanes  to  slowly  reacting 
mixtures  of  +  0^  have  shown  that  conjugate  and  lower  alkenes  are  the 
major  primary  products,  sometimes  in  yields  of  over  80%,  in  the  oxidation 
of  C 1(-C  alkanes  over  the  temperature  range  400-500°C.  A  full  computer 
modelling  of  the  oxidation  process  for  alkanes  thus  requires  an  understanding 
of  the  mechanism  of  alkene  oxidation.  This  oxidation  is  more  complex  than 
the  initial  stages  of  alkane  oxidation  since  radical  addition  to  the  alkene 
may  occur  as  well  as  hydrogen  abstraction  by  the  radical.  It  is  not 
surprising,  therefore,  that  very  few  rate  constants  are  available  for  the 
elementary  processes  involved.  A  number  of  different  approaches  will  be 
required  if  the  elementary  reaction  steps  are  to  be  disentangled.  One 
such  approach  involves  the  addition  of  small  amounts  of  alkenes  to  slowly 
reacting  mixtures  of  +  0„.  As  with  alkane  addition,  two  types  of  measure¬ 
ment  can  be  made.  Study  of  the  loss  of  hydrocarbon  at  very  low  concentrations 
of  additive  provides  information  on  radical  attack  of  the  alkene,  whereas 
examination  of  the  reaction  products  (for  which  a  higher  concentration  of 
alkene  is  necessary  to  provide  reasonable  yields  of  products)  gives 
information  on  the  reactions  of  the  radical  produced  by  the  primary  attack. 
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v  a)  Add  i  t  i  on  o  £  e  the  lie 

Results  on  the  addition  of  to  slowly  reacting  mixtures  of 

11,  +  O2  +  N,  at  500°C  have  been  re-examined.  Two  types  of  measurement 
nave  been  made. 


i.1)  The  pressure  change  AP^  corresponding  to  50%  loss  of  £2^. 

Aitnough  small  corrections  are  necessary  for  removal  of  by  reaction  with 

0  atoms,  and  by  reaction  with  HO,  in  a  H-nbstracti on  reaction,  the  predominant 

reactions  removing  C.H,  are  H  and  OH  abs tract  ion ,  and  H,  OH  and  HO.  addition. 

2  4  L 

The  variation  of  AP^  with  mixture  composition  over  a  wide  range  provides 
information  on  these  reactions,  though  additional  information  is  required 
if  rate  constants  for  all  five  reactions  are  to  be  evaluated. 


(2)  The  yield  of  products  in  the  early  stages  of  reaction  using  three 
mixtures  of  considerably  different  [h2]/[o2]  ratios  as  indicated  below. 


Mixture 


1 ; 

1 1  ! 


C2H4 


Torr 


I  4i ) 

70 

285 

5 

1  40 

355 

0 

5 

4  J  ) 

70 

0 

5 

Hie  main  initial  prone  ts,  and  their  suggested  mode  of  formation,  are 
indicated  he  1  •  >v  . 

(i)  Ejhylcue  oxide  (C,H^0)  is  termed  almost  entirely  by  addition  of  HO, 

radi cal s  to  C  H ,  . 

1. 


C2H4 

+ 

»0, 

* 

C2H4° 

+ 

OH 

(4) 

HO, 

+ 

H02 

-  V 

H2°2 

+ 

°2 

(5) 

With  the  rate  constants  for  H  and  OH  addition  and  abstraction  adjusted  to 
give  the  best  interpretation  of  the  variation  of  APcri»  the  yields  of 

1  3'*°  -1  _i  1 

C  H  0  (32-40%)  require  the  ratio  k./k.*  =  1.13  (din  mole  s  With 

1  A  q  3  -1-1  ‘t  ->  ,  3  -1-1 

k.  =•  2  x  10  dm  mole  s  ,  k,  =  5.0  x  10^  dm  mole  s  at  500°C.  This 

5  **  4 

value  is  somewhat  higher  than  the  figure  of  1.7  x  10  obtained  by 

measuring  the  yield  of  obtained  when  is  added  to  slowly  reacting 

mixtures  of  HCH0  +  O2  at  60  Torr  total  pressure.  The  difference  suggests 

that  k^  may  be  pressure  dependent,  and  studies  of  the  reaction  using  the 
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Letramethylbutano  +  0^  system  as  a  source  of  HO^  radicals  (see  later)  are 
in  progress. 

(ii)  Methane  is  formed  by  addition  of  OH  radicals  to  the  CH^ 

radicals  formed  predominantly  reacting  with  H2  to  give  CH^. 


OH  -*• 

ch2-ch2 

-*  HCHO 

+  ch3 

(6) 

ch3  + 

»2 

+  CH, 

4 

+  H 

(7) 

If  all  CH^  radicals  give  CH^,  the  computer  treatment  of  this  mechanism 
predicts  that  the  yield  of  CH^  (experimentally  12-14%)  should  be  almost 
the  same  for  mixtures  I,  11  and  III,  as  found  experimentally  when  allowance 
is  made  for  oxidation  of  the  CH  radicals. 

(iii)  E thane  is  formed  by  H-addi tion  to  to  give  .  The 

predominant  reaction  of  C^H^  will  be  to  reform  C2H^  by  reaction  (1),  so 
th.U  no  net  consumption  of  C^'H  occurs,  but  a  competing  reaction  (8)  is 
also  possible. 


The  ratio  of  the  rates  of  reactions  (1)  and  (8)  is  k^O^/k^H,^ ,  so  that 
the  yield  of  C^H  should  vary  markedly  with  This  is  confirmed 

experimentally,  the  initial  yields  varying  from  16%  for  mixture  III  to  0.5T 
for  mixture  II.  From  these  yields  and  the  known  value  of  k  /k„,  obtained 

1  O 

from  earlier  studies  of  the  oxidation  of  C^H^CHO  in  the  presence  of  H9 , 
the  value  of  the  rate  constant  for  addition  of  H  atoms  to  ethylene  can  be 
obtained.  Allowance  is  necessary  for  the  fact  that,  as  indicated  by 
previous  studies,  this  addition  proceeds  through  the  reaction  sequence 
given  below. 

* 


H  + 

■ir 

C2H4  " 

C2H5 

.  V5 

C2H4 

+ 

H 

S»5 

M  -*■ 

C2H5 

+ 

M 

(iv) 

Fo  rmn) dehyde 

and  Carbon 

Monoxi de . 

CH,  , 

c-A 

and  C.H  0  account  for 

ah  out 

5b%  of  the  products  for 

mixture  I, 

40%  for  mixture  11,  70%  for 

mixture  III.  The 

only  other 

primary  products 

arc 

CO  and  HCHO  and  although 

some  HCHO  is  formed  in  reaction  (6)  and  to  a  small  extent  from  the  CH. 


% 
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radicals  formed  in  reaction  (6),  the  main  route  for  formation  of  both 

these  products  is  almost  certainly  from  radicals  formed  by  11-abstraction 

from  C-H  . 

I  4 

0-0 

I  I  0o 

h2c=ch  +  o2  -*•  h2c-ch  -*  h2co  +  HCO  -i->  CO  +  ho2 

\1 though  the*  reactivity  of  HCHO  makes  determination  of  its  initial  yield 
difficult,  the  proposed  mechanism  is  supported  by  the  fact  that  the 
initial  yields  of  CO  and  of  HCHO  (after  correction  for  its  formation 
in  reaction  (6))  are  effectively  equal. 

Computer  treatment  of  the  results  obtained  with  C2H^  is  in  progress 
to  allow  a  more  detailed  interpretation  and  to  evaluate  rate  constants 
for  the  reactions  involved.  In  an  attempt  to  reduce  the  number  of 
unknown  rate  constants  involved,  a  separate  study  is  being  made  of  the 
reactions  of  C2H^  with  H02  radicals,  using  the  tetramethylbutane  +  02 
system  as  a  source  of  these  radicals. 

Ethylene  oxide  appears  to  be  a  fairly  reactive  intermediate  both 
in  ethane  and  e thene  oxidation,  and  its  role  is  being  examined  by  studies 
both  of  its  thermal  decomposition  and  of  its  oxidation  in  a  radical 
e  nvi ronment . 


.v 
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(b)  Addition  of  p lopene 


Results  obtained  by  the  addition  of  propene  have  been  re-examined 
by  computer  modelling.  The  formation  of  the  major  initial  products, 
ethylene  oxide,  acetaldehyde,  methane,  and  ethene  may  be  explained  by 
radical  addition  reactions  similar  to  those  discussed  in  section  3(a) 
for  ethene  addition.  The  products  likely  to  arise  from  H  abstraction 
(allvlic  position)  from  propene,  namely  acrolein,  formaldehyde,  and  CO 
represent  only  about  15-25Z,  depending  on  mixture  composition,  of  the 
propene  consumed.  A  Diels-Alder  type  of  0,  addition  to  the  allyl  radicals 
is  suggested  for  the  formation  of  these  products. 


CH.,  -  0 

", 

0 

CH  CHCH. 

X 

T 

O 

+ 

— *■  CH  H 

-»  CH  =CHCH0  +  OH 

2  2 

2  \ 

\  / 

2 

CH,  -  0 

C  - 

0 

0 

- +■  2HC0  +  HCHO  +  OH 

0  |°2 

2 CO  +  2 HO, 


CH. 


CH  , 

\Xv 
\  .11 
O'  ' 


The  mechanism  is  consistent  with  the  observed  effect  of  variation  in  the 
pressure  of  0,  on  the  relative  vie  Ids  of  acrolein,  CO  and  formaldehyde . 

from  kinetic  studies  witli  propene  there  is  no  doubt  that  the  rate 
constants  for  abstraction  by  H  and  OH  (to  form  the  resonance-stabilised 
allyl  radical)  are  at  least  a  factor  of  10  lower  than  expected  on  energetic- 
grounds  by  comparison  with  those  for  abstraction  from  alkanes.  This  marked 
fall  in  tlie  rate  constants  almost  certainly  arises  mainly  from  low  pre¬ 
exponential  A  factors.  Strong  kinetic  and  thermodynamic  evidence  supports 
this  view.  For  example,  the  delocalisation  of  the  pi  bond  in  the  transitioi 
state  ol  the  allyl  radical  reduces  the  value  of  AS  for  H  abstraction  from 
propene  by  about  20  J  K  ^  mol  ^  compared  with  that  for  H  +  propane. 
Application  of  transition  state  theory  then  givesan  A  factor  for  abstraction 
from  propene  about  one-tenth  of  that  for  abstraction  from  propane. 
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(c)  Addition  of  pontene-1  and  pentene-2 

Results  obtained  on  the  addition  of  pentene-1  and  pentene-2  to 
slowly  reacting  mixtures  of  H2  +  02  +  N2  at  480°C  are  being  interpreted. 

The  initial  products  can  be  conveniently  divided  into  four  groups  according 
to  their  mechanism  of  formation. 

(i)  By  H-abstraction.  One  difficulty  in  assessing  the  importance  of 
these  reactions  relative  to  radical-addition  reactions  is  the  problem  of 
identifying  the  products  resulting  from  H-abstraction.  With  C2-C ^  alkyl 
radicals,  a  reaction  of  major  importance  is  the  formation  of  the  conjugate 
alkene  by  a  reaction  with  0^  involving  H  atom  abstraction  from  the  carbon 
atom  adjacent  to  the  free  valency,  as  for  n-C^H^  radicals  below. 

ch3ch.)ch2  +  o2  ch3ch=ch2  +  ho2 

However,  when  such  abstraction  would  have  to  occur  from  a  doubly  bound 
carbon  atom,  no  evidence  has  been  found  for  the  corresponding  reaction 
with  alkenyl  radicals.  Thus  no  trace  of  pentadiene-1 ,2  or  pentadiene-2 , 3 
is  obtained  from  pentene-1  or  pentene-2.  With  pentene-1,  the  resonance- 
stabilised  radical  CH2CHCHCH2CH3  will  be  formed  predominantly  by  H-abstracti 
and  the  most  probable  reactions  of  this  radical  are  either  to  react  with  0 2 
to  give  pentadiene-1 , 3  (yield  15%)  or  to  decompose  to  give  butadiene-1,3 
(yield  12%). 


CH9=CHCH?CH?CH7 

+  X  -+ 

CH9CHCHCH?CH^ 

+ 

HX 

(9) 

CH?CHCHCH9CH^ 

*  °2 

CH2=CH-CH-CHCH3 

+ 

ho2 

(10) 

CH2CHCHCH2 

CH. 

CH2=CH-CH-CH2 

♦ 

CH3 

(11) 

This  mechanism  would  give  the  ratio  ^pentadiene-1 , 3]/£butadiene-l , 3^]  * 
^10^2-^11*  The  rati°  does  increase  from  1.25  to  5.5  as  the  pressure 
of  02  is  increased  from  70  Torr  (mixture  I)  to  355  Torr  (mixture  II). 

This  increase  in  the  ratio  is  not  exactly  proportional  to  £023  since  some 
pentadiene-1 , 3  is  formed  from  the  radical  CH2=CH-CH2CH2CH2  which  reacts 

uniquely  with  0„  to  give  about  20%  of  the  total  pentadiene-1, 3.  From  a 

^  6  3  ”“1  “1 

reasonable  estimate  of  k^,  k^  is  obtained  as  2.1  x  10  dm  mol  s 

at  480°C.  This  is  the  first  value  of  a  rate  constant  for  the  formation 

of  a  conjugated  diene  by  reaction  of  an  alkenyl  radical  with  02,  and,  as 

Table  5  shows,  it  is  considerably  below  the  values  for  the  analogous 

reaction  of  alkyl  radicals.  However,  the  alkenes  are  formed  in  reactions 

that  are  24  to  48  kJ  mol  *  more  exothermic  than  reaction  (10),  and  there  is 


>■  .  \ 


a  clear  trend  in  Tab le  5  for  the  rate  constant  to  increase  with  increase 
in  exotherraicity.  A  plot  of  log^k  against  AH  (kJ  mol  *)  indicates  that 
expression  (i)  predicts  the  values  of  the  rate  constant  k  at  480°C  to 
better  than  a  factor  of  1.4. 

log1Qk  =  5.50  -  0.0411AH  (i) 

The  values  of  AH  for  the  formation  of  the  non- conjugated  pentadiene  with 

adjacent  double  bonds  is  about  55  kJ  mol  \  and  use  of  equation  (i)  gives 

an  estimated  rate  constant  of  about  2  x  10^  dm^  mol  ^  s  ^  at  480°C,  which 
3 

is  a  factor  of  10  lower  than  k^.  The  absence  of  pentadiene-1 ,2  and 
pentadiene-2 , 3  in  pentene  addition  is  thus  to  be  expected. 

(ii)  By  H- addition 

2 ,4-dime  thy loxe tan ,  2-methyltetrahydrofuran,  tetrahydropyran,  pentene-2 

(from  pentene-1)  and  pentene-1  and  trans-pentene-2  (from  cis-pentene-2) 

almost  certainly  arise  solely  from  pentyl  radicals  formed  by  H-addition  to 

the  pentenes,  and  the  detailed  mechanism  has  been  given  in  a  paper  submitted 

for  publication.  With  propene,  the  results  suggest  that  nearly  all  the 

n-C„H  radicals,  formed  in  a  vibrationally  excited  state  by  the  exothermic 
.  .  -1 

addition  (ca.  150  kJ  mol  )  of  H  atoms  to  propene,  decompose  to  C2H^  and  CH^. 
With  the  butenes,  the  results  suggest  that  a  significant  fraction  (30-50%) 
of  the  excited  butyl  radicals  is  stabilised,  and  then  reacts.  On  addition 
of  cis-pentene-2,  the  products  propene  and  pentene-1  are  only  formed  from  the 
2-pentyl  radical,  by  decomposition  and  by  reaction  with  O2,  respectively. 

ch3chch2ch2ch3  -*  ch3ch=ch2  +  c2h5  (12) 

ch3chch2ch2ch3  +  o2  -*  ch2=chch2ch2ch3  +  ho2  (13) 

The  initial  value  of  the  ratio  £propeneJ/£pen tene-lj  is  4.0,  compared  with 
the  calculated  value  of  3.1  using  the  rate  constants  k^2,  ^13’  obtained 
for  the  2-pentyl  radical  produced  by  H-abs traction  from  pentane  (Mixture  I). 
Similarly,  the  ratio  £ trans-pentene-23/[[butene-l[]  formed  from  the  3-pentyl 
radicals  is  3.0  when  the  radical  is  produced  by  H-addition  to  cs-pentene-2 , 
compared  to  2.5  when  produced  from  pentane.  There  is  thus  little  evidence  for 
an  enhanced  rate  of  decomposition  of  the  pentyl  radicals  formed  from  the 
pentene  by  H  addition. 

ch3ch2chch2ch3  -»•  ch3ch2ch=ch2 

ch3ch2chch2ch3  +  o2  ch3ch*chch2ch3 


+  ch3 
+  ho2 


Examination  of  the  yields  of  products  for  pentene-1  addition  indicates 

that  the  ratio  of  non-te rminal  to  terminal  H-addition,  k, ,  /k, ,  =  0.65  -  0.2. 

14nt  14t 

H  +  CH2=CHCH2CH2CH3  ->  CH2CH2CH2CH2CH3  ( 1 4n  t ) 

H  +  CH2=CHCH2CH2CH3  -*■  CH3CHCH2CH2CH3  (14t) 

This  is  much  higher  than  the  ratio  0.06  found  for  C-H,  at  298  K  and,  taken 

3  b 

with  other  evidence,  suggests  that  the  discrimination  in  favour  of  terminal 
addition  is  much  reduced  as  the  temperature  increases  to  500°C. 

(iii)  By  OH  addition 

The  significant  yields  of  CH3CH0  (10%)  and  C^H^CHO  (7%)  obtained 
from  pentene-2  almost  certainly  result  from  OH  addition,  either  by  the 
single  step  (15a)  or  (15b)  or  by  the  Waddington  mechanism  involving  the 
addition  of  02  to  the  initial  adduct  as  in  reaction  (16). 

0  -  H 

I 

CH3CH=CHCH2CH3  +  OH  -*■  CH3CH  -  CHCH2CH3  -+  CH3CH0  +  C3H7  (15a) 

H  -  0 

I 

CH3CH=CHCH2CH3  +  OH  -+  CH3CH  -  CHCH2CH3  C2 H5  +  C2H5CHO  (15b) 


H  0 
/  I 

OH  0  0 

I  I  * 

CH3CH=CHCH2CH3  +  OH  -*•  CH3CH  -  CHCH2CH3  — i*  CH3CH-CHCH2CH3  (16) 

CH3CH0  +  C2H5CH0  +  OH 

In  the  case  of  butene-2,  the  corresponding  reaction  (15c)  would  produce 
C2H^,  which  is  not  detected  as  a  primary  product 

0  -  H 

I  0. 

CH,CH=CHCH,  +  OH  =  CH.CH-CHCH,  -*•  CH,CH0  +  C^H,, _ 2  C  H.  +  H0„  (15c) 

i  J  J  3  3  Z  5  9  l  4  2 

However,  careful  analysis  of  the  products  suggests  that  in  the  case  of 
pentene-2  both  mechanisms  may  be  occurring.  Further  work  is  thus  necessary 
to  establish  the  relative  importance  of  these  two  mechanisms. 
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(iv)  By  HC>2  addition 

The  significant  yields  of  2-propyloxiran  (19%)  from  pentene-1 
undoubtedly  arise  from  HO^  addition,  though  small  amounts  will  be  formed 
from  1-pentyl  and  2-pentyl  radicals  formed  by  H-addition  to  the  alkenes. 

0  -  OH  0 

I  /  \ 

CH2=CHCH2CH2CH3  +  H02  CH2CHCH2CH2CH3  CH2  -  CHCH2CH2CH3 

With  pentene-2,  most  of  the  2-methyl-3-ethyloxiran  appears  to  come  from 
pentyl  radicals,  and  very  little  by  HO,,  addition.  It  is  planned  to 
measure  these  rate  constants  directly  by  addition  of  alkenes  to  the 
tetramethylbutane  +  02  system  discussed  later. 
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4 .  The  oxidation  of  aldehydes 

(a)  The  oxidation  of  propionaldehyde 

The  oxidation  of  propionaldehyde  at  440°C  in  aged  boric-acid-coated 
vessels^  has  been  re-examined  with  a  view  to  establishing  the  mechanism  of 

formation  of  two  important  products,  carbon  dioxide  and  acetaldehyde,  which 

14  .  .  . 

are  formed  in  5-15%  yield,  depending  on  mixture  composition. 

The  main  products,  ethylene,  carbon  monoxide  and  hydrogen  peroxide 
are  accounted  for  by  the  basic  mechanism  given  below. 


C2H5CHO 

+ 

°2 

m 

C2H5C0 

+ 

HO, 

(1) 

C2H5CO 

+ 

M 

ML 

C2H5  + 

CO 

+  M 

(2) 

C2K5 

+ 

°2 

WS 

C2H4 

+ 

K°2 

(3) 

H°2 

+ 

C2H5CHO 

*= 

c2h5co 

+ 

H202 

(4) 

H°2 

H°2 

ax 

H2°2 

+ 

°2 

(5) 

H2°2 

+ 

M 

= 

20H 

+ 

M 

(6) 

OH 

+ 

C2H5CHO 

as 

c2h5co 

+ 

h2o 

(7) 

The  autocatalysis  observed  in  the  reaction  is  attributed^  to  the  decomposition 
of  hydrogen  peroxide  by  reaction  (6),  followed  by  reaction  (7)  of  the  OH 
radical. 

Only  a  trace  of  acetaldehyde  is  formed  from  C2H5  radicals  produced 
by  addition  of  ethane  to  slowly  reacting  H2  +  02  mixtures,  so  that  the 
reaction  (^H^  +  0^  m  CH^CHO  +  OH,  often  used  in  mechanisms  of  hydrocarbon 
oxidation,  is  not  the  cause  of  acetaldehyde  formation.  It  is  almost 
certain  that  acetaldehyde  is  formed  by  radical  attack  at  the  secondary 
CH2  position,  followed  by  reaction  of  the  radical  with  O2. 


+  ch3ch2cho 


ch3chcho 


CH.CH-CO 
3i  ' 

0  H 
UX> 


+  CH3CHCH0  (8) 

CH3CH0  +  CO  +  OH  (9) 


This  sequence  is  similar  to  the  peroxyradical  isomerisation  and  decomposition 
(PRID)  mechanism  given  in  section  (2b). 

The  ratio  QcO^] /|IC®D  products  increases  with  increase  in  0^ 

concentration,  and  decreases  with  increasing  addition  of  inert  gas, 
consistent  with  a  competition  between  reactions  (10)  and  (2),  which 
gives  expression  (i)  below. 

<Cc02]/<Cco]  -  k10[o2]/k2[M]  (i) 

C2H5CO  ♦  02  -  C2H5C03  “  C2H4  +  a>2  +  0H  (l0) 

CjHjCO  +  M  -  C2H5  +  CO  +  M  (2) 

Detailed  studies,  of  the  variation  of  ratio  were  made  over  a 

wide  range  of  mixture  composition,  since  the  system  appeared  to  offer  a 

method  of  studying  Che  interesting  problem  of  the  relative  efficiency  of 

-  -  -  - - -'*•  -v  '» •» 
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different  molecules  in  reaction  (2).  However,  the  ratio  was 

found  to  decrease  sharply  in  the  early  stages  of  reaction,  to  an  approximately 
constant  value,  and  then  to  rise  slowly  after  about  50%  consumption  of 
propionaldehyde .  This  decrease  in  the  ratio  was  attributed  to  the 
simultaneous  occurrence  of  a  surface  process  forming  carbon  dioxide, 
which  becomes  less  important  as  the  chain  reaction  accelerates.  The 
rise  in  the  later  stages  of  reaction  is  attributed  to  the  oxidation  of 
carbon  monoxide  by  the  radicalsOH  and  HO^ ,  and  computer  treatment  confirms 
the  importance  of  these  reactions  in  the  later  stages.  Confirmation  of 
the  existence  of  a  surface  formation  of  carbon  dioxide  is  provided  by  the 
increased  ratio  in  smaller  diameter  vessels,  whereas  the  rate 

of  formation  of  carbon  monoxide  is  unaffected. 

A  detailed  interpretation  of  the  results  for  a  wide  range  of  mixture 
composition  gives  the  rate  constants  at  440°C  listed  in  Table  8. 
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(b)  The  oxidation  of  i  sobutyral dehyde  at  A40°C 

The  major  products  are  propene ,  carbon  monoxide  and  hydrogen  peroxide, 
although  small  amounts  of  carbon  dioxide  (4%),  propene  oxide  (1%),  and  acetone 
(in  yields  of  6-12%  depending  on  mixture  composition)  are  also  found.  The 
following  scheme  accounts  for  the  main  reaction  products. 


i-C  H  CH0 

4- 

°2 

=  i-C3H?C0  + 

H02 

(lb) 

i-C^CO 

4- 

M 

=  i_C3H7  + 

CO  +  M 

(2b) 

i-C.H 

J  7 

T 

°2 

=  C3ti6  * 

ho2 

(3  b) 

HO, 

4- 

i-C^CHO 

=  i-C,K,C0  + 

b  7 

H2°2 

(4b) 

2  HO, 

/ 

H2°2 

°2 

(5) 

H,o , 

T 

V 

—  Z  0«i  *■ 

(6) 

01. 

T 

i-c .  h,.c:.o 

-  i-c, h. CO 

HO 

/  \ 

^  / 

J  / 

2 

Tr  c  :’crr...*L 

i  0 

of  acecor.L. 

is  attributed  to  rea 

etiens  (4t), 

(7 1) 

c  iv-u  .  The  ir. 

crease  in  t 

he  percentage  yield 

of  acetone  as 

the 

reaction  proceeds  may  be  used  to  obtain  both  k,  and  k,  ,  since  the  rise 

At  /t 

in  acctcr.e  yield  is  due  to  the  ir.cvuc.se  in  the  concentration  of  the  less 
teltctl  •-  w.  icc.1 ,  as  a  result  oi  a.i  increasing  contribution  from  the 


-  ~  •  wlU-. 

action  t) . 

The  - 

r.  c  ih  c- 

i r.  ovc  ion  fe  Ci.-icc  nt r*. ».  i or;  v.  1 1 i r. 

ere  a 

sing  0  concentration 

is  attri 

t re  c. 

to  co:.;>  i  1 1  or.  ;>o  tween  rCuCv i c:.s 

(ID 

arid  (12) . 

l.v  ,  +  (Cri^)oCHCh0 

-  Jj  Z 

- 

(CK,), C-CKO 

+  H,0, 

(4 

t ; 

th.  v  (CH^).CHCKT 

- 

(C:i3)2C-CH3 

♦  1 1  ,,C 

C;t) 

- 

v.  Ci*  2^  "r 

CO  ■»  Oh 

(i 

:) 

-r  \ 

- 

C„h, 

CHo  +  y. 

o  \ 

-  / 

hv  ▼  0.( 

=■ 

CO 

+  hv,t 

(1 

2) 

.“  I  t  i.t-’J  i,.,  .  .t,  >.iu  .  i  uii  Ot  C* C.C,  tC.iu 

COT* 

ce  ro-preser. 

K  I  7iC  C Z. 

tally  by 

reaction  \i\,,  it  is  undoubtedly  format.  by  c.  peroxyraci  cal  isomerisation 
and  decoxposi  tier.  (i-KIO)  mechanism  analogous  to  that  responsible  for  the 
formation  of  acetaldehyde  from  propicnaldehy de . 


(CH.).C-CHO  +  0„ 

a  2  2 


(CH,),C-C 


3'  2 


I 

0-0 


(CH3)^C  C  +  CO  -r  OH 


'Ir.i  full  mecr. anism  nas  been  treated  by  a  computer  program  using 
a  Kutta-Runge  integration  process  to  examine  the  variation  of  the  extent 
of  reaction  with  tine,  which  gives  the  rate  constants  =  0*12  -  0.01  dm J 

mol  *  s  k,  =  (1.8  -  0.1)  x  10®  cx^mol  ^6  ^  at  440°C.  From  the  yields 
of  acetone,  the  values  k.  =  (1.4  -  0.2)  x  103  dm3  mol  s  ,  k,  /k  =• 

0.7  -  O.i,  “  0.014  -  0.002  (M  «  N2)  have  been  obtained.  The 

value  of  k,„  is  significantly  higher  than  an  upper  limit  of  4  x  10^  found 
for  HO,  attack  at  the  tertiary  C-H  bond  in  butane.  This  confirms  the 
suggestion  cade  in  section  (3a)  th3t  C-H  bonds  adjacent  to  an  aldehydic 

group  are  noticeably  weaker  than  the  corresponding  bond  in  an  alkane. 

_  _ _ _ _ _ _ 
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Propcne  oxide  is  formed  both  from  i-C^H^  radicals  by  reaction  (14) 
and  from  the  radicals  formed  by  OH  and  HO^  attack  at  the  primary  CH  bonds. 


i  C3H7 


(CH  ) (CH2)CHCHO  +  02 


0, 


C3H6° 


OH 


CH, 

CH, 


JTCH-C  „  =  CH.CH-CH,  +  CO  +  OH 
H  3  \  /  2 

'0-0  0 


(14) 

(15) 


Allowance  for  the 
reaction  (15)  is 
value  of  k ,  ,  /k  ,, 

1-4  Jb 

for  the  correspon 


relatively  small  amount  of  propene 

included  in  the  computer  treatment, 

as  0.00  7.  Tli is  is  consistent  with 

ding  ratio  for  t-C radicals. 

4  9 


oxide  formed  by 
which  gives  the  best 
a  value  for  0.010 


As  found  with  propi  onal dehyde ,  the  £c02^]/£c0^]  ratio  falls  sharply 
as  the  reaction  proceeds,  and  then  rises  later  due  to  secondary  formation 
of  carbon  dioxide  from  carbon  monoxide.  This  fall  has  been  interpreted 
in  terms  of  a  heterogeneous  formation  of  carbon  dioxide  in  parallel  with 
a  homogeneous  formation  by  isomerisation  and  decomposition  of  the 
(CH^)9CHC02  radical.  However,  the  yield  of  carbon  dioxide  is  much 
lower  than  in  the  case  of  propi ona ldehyde ,  and  varies  rather  erratically, 
so  that  a  detailed  study  of  the  mechanism  of  formation  is  not  considered 
vorthwhi le . 

This  work  has  been  published.'^1 


* 
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(c)  Summary  of  r at_c  cons  tants 

Rate  constants  for  the  initiation  reaction  (1)  and  for  the  reaction  (4) 
of  HO2  radicals  with  aldehydes  are  summarised  below. 

Table  9 


Rate  Constants  in  Aldehyde  Oxidation 

Position  of  Temp. 


A1 dehyde 

*3  -1-1 

.  3  -1  -1 

o„ 

dm  mol  s 

HO2  attack 

dm  mol  s 

c 

HCHO 

0.022 

aldehydic 

(5.6  ±0.5)  x 

lO3 

440 

C,H  CliO 

0.081 

al dehydi c 

( 1 . 5  2-0. 15)  x 

106 

440 

secondary  Cl^ 

(1.5  -0.2)  x 

lO3 

440 

n-C  H  CHO 

tot  al 

(2.4  ±0.5)  x 

106 

450 

i-C  H  CHO 

0.  120 

a  1 dehydi c 

(1.83*0.1)  x 

106 

440 

terti ary 

(1.4  -0.2)  x 

105 

440 

As  formaldehyde  has  two  aldehydic  C-H  bonds,  the  much  lower  values  both 
for  k^  and  k^  imply  that  the  activation  energy  is  8-12  kJ  mol  *  higher 
for  reactions  of  HO,  and  of  0,  with  formaldehyde  compared  with  higher 
aldehydes,  and  a  similar  difference  probably  applies  to  the  aldehyde 
C-H  bond  dissociation  energies. 

A  pnper^  summarising  these  results  and  other  rate  constants  for 
reactions  of  HO,  radicals  was  presented  at  the  Seventeenth  International 
Combustion  Symposium  at  Leeds  in  August  1978. 
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5  .  The  o x i <J a t  i on  of  2  ,  3 ,  3-tetramcthylbutane 

(a)  The  oxidation  in  KCl-coated  vessels 

Because  of  the  considerable  strain  caused  by  the  six  groups 
around  the  central  C-C  bond,  the  decomposition  of  2 ,2 , 3, 3-te frame  thy ibutane 
(TMB)  occurs  at  temperatures  100-150°C  lower  than  needed  for  straight 
chain  alkanes.  The  thermolysis  of  a  hydrocarbon  is  normally  a  chain 
reaction,  sensitive  to  surface  effects,  but  these  difficulties  can  be 
avoided  in  the  case  of  TMB  by  carrying  out  the  decomposition  in 
the  presence  of  0,.  Previous  studies  have  shown  that  99%  of  t-C^H^ 
radicals  icu.  i  with  0.,  to  form  isobutene  according  to  reaction  (2). 

If  the  :'ui ■  ;  ii’ii  is  carried  out  in  a  KCl-coated  vessel,  known  to  be 
effective  tor  the  destruction  of  HO^  radicals,  the  basic  mechanism  thus 
involves  ro.utiiiis  (!)-('}). 


(CH  })  3C-C(CH3)  3 

= 

2t-C4H9 

(1) 

t-C.H0  +  0„ 

a  y  l 

= 

i"C4HS 

+  HO, 

(2) 

h°2 

surface 

JH,0 

+  t3o2 

(3) 

Inis  mechanism  gives  the 

stoichiometric  equation  (s)  and  the 

relationship 

and  (ii),  whicti  have  been 

conf irmed 

experimental  lv . 

(CH  3)  -C(CH  ^ +  JO 

2  i  -0  H 

+  H.O 

8  2 

(s) 

.'.P 

,.5;[r 

hO  - 

0.75[i-C9H8] 

(i) 

-d[TMBJ/dt 

k 

1[tmb]1[o2]° 

(ii) 

However,  the  txperimenial  rate  constant  based  on  expression  fit" 

increases  slightly  (ca. 10-20%)  with  TMB  concentration  over  the  range 
0.25-4  Torr,  and  with  addition  of  inert  gas.  This  is  attributed  to  a 
slight  contribution  ft  am  attack  of  OH  and  H02  radicals  on  TMB  as  the  result 
of  the  additional  reactions  (4)-(9)  below. 


ho2 

+ 

TMB 

(ch3)3c-c(ch3)2ch2 

+ 

H2°2 

(4) 

ho2 

+ 

ho2 

h2o2 

+ 

°2 

(5) 

H2°2 

+ 

M 

20H 

+ 

M 

(6) 

H2°2 

surface 

h2° 

+ 

*°2 

(7) 

OH 

+ 

TMB 

(CH  )  C-C(CH3)2CH2 

h2o 

(8) 

(ch3)3 

C-C(CH3)2CH2 

^8 

+ 

l"C4H9 

(9) 

9 

Studies  of 

the 

addition  of  TMB 

to  the  H2  +  02  reaction, 

discussed 

in  section 

have  shown 

that 

reaction  (9)  is 

the  predominant  reaction 

of  the  TMB 

radi ca 1 . 
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Use  ei  -emp ator  program,  based  on  a  stationary  state  treatment  of 

the  «  adi  »:a  1  concent  rat  i  ons  and  a  Runge-Kutta  integration  of  the  differentia 
equations  'or  the  molecular  species,  has  allowed  the  evaluation  of  the 

i 

rate  constants  k,  and  k,/k  *  from  studies  over  a  range  of  TMB  concentration 
and  total  pressure.  The  chain  contribution  from  reactions  (4)  and  (8) 
is  only  about  i 3%  or  the  total  reaction  rate  and  is  almost  independent 
of  temperature  between  42U-540°C. 


The  corrected  values  of  k  ,  give  a  good  straight  line  plot  of 

obs 

log  k  against  1/T  over  the  range  ''20-540  C,  with  Arrhenius  parameters 

-  1.2  x  10  '  s  ,  E|  --  295.4  -  1.5  k.J  mol  ,  which  may  be  ccn.pared  with 

A  =  i  \  10^  s  \  1.  •  286.5  kJ  mol  ^  o?ev  the  range  71  i-868°C, 

*  18^ 

obtained  by  "is. mg  L  using  a  shock  tube.  Combination  of  Tsang's  data, 


suitably  corrected,  with  the.  present  data  gives  =  6.0  x  10^  s  \ 
C  .  •  790.4  -  1.5  kJ  mol  over  the  range  420-868°C.  Combination  of 


the  value  cf  K ^  with  that  for  the  reverse  reaction  and  with  other  thennocyt. 

.i.it  :■  gives  the  enthalpy  of  formation  A,h'°  =  44.0  -  4.0  kJ  mol  ^  for  the 

t  zy  o__  ^ 

i-C  H  radical,  which  is  at  least  10  kJ  mol  higher  than  previously  accept 

a  y 

■•.finer.  The  value  of  A,.H  leads  to  a  bond  dissociation  energy  D  (t-Bu 
^  r  i7o  zy  o 

■  -.46.6  k.i  mol  ,  which  again  is  significantly  higher  than  the  previously 


i 


of  !82  k.l  mol 


Recommended  values  for  the  bond  dissocia! 


rgies  in  the  C,-C,  alkanes  are  given  later. 

19 


■,k  has  neon  published. 
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lb)  Du  lv.u  i  i  ,1:1  of  il09  radicals  with  2  ,2 , 3,  3-  t e  t  r  amc  thy  1  b  ii  t  ane 

The  increase  in  tlu*  observed  value  of  the  rate  constant  k  ,  , 

obs 

obtained  from  expression  (i),  with  increase  in  TMB  concentration  and 

on  addition  of  inert  gas  is  due  to  a  small  chain  contribution  (chain 

length  less  than  unity)  from  reactions  (4)  and  (8).  At  the  lower 

temperatures  (420  and  440°C)  this  is  predominantly  due  to  reaction  (4), 

but  as  the  temperature  rises,  the  increased  dissociation  of  causes 

an  increasing  contribution  from  reaction  (8);  at  the  same  time  the 

contribution  from  110,,  attack  decreases  because  reaction  (5)  becomes 

increasingly  dominant  as  the  concent rat  ion  of  radicals  increases. 

Computer  i n i o rp t e t a t : on  o!  the  mechanism  involving  reactions  (l)-(9)  gives 

A  o 

a  preliminary  value  of  k,  =  1 . 7  x  10  at  440  C.  However,  although  the 
individual  values  of  the  surface  termination  constant  k  ^  and  the  homogeneous 
termination  constant  are  known,  the  total  termination  rate  is  not  tlu 
sum  of  the  two  individual  termination  rates  because  of  interaction,  belv«.cn 
the  homogeneous  termination,  which  gives  a  uniform  concentration  of 
t  -.dicais  across  the  reaction  vessel,  and  the  surface  instruction,  which 
rives  a  <]/  f  fusion-n'iit  n>l  led  profile.  The  occurrence  of  homogeneous 
termination  increases  the  concern ra t i on  gradient  near  the  vessel  surface, 
so  that  the  rate  oi  surface  termination  is  greater  than  when  homogeneous 
termination  is  absent .  There  tins  in  en  no  previous  study  of  the  extent 
of  tiiis  ii.ti  ruction.  (  a  1  cu  1  a  t  i  ons  with  linear  homogeneous  termination, 
where  the  d  i  t  !  e  tea'  i  a  1  equations  .  i:  i  be  integrated,  shows  that  the  total 
termination  rati  nay  be  increased  by  as  much  as  20c.  Since  this  means 
Llr.it  the  concent!  it  ion  of  lit',,  radicals  may  be  about  20%  below  that  calculator 
using  con  von t i on  a i  treatments,  appreciation  of  this  interaction  is  essential 
if  accurate  rate  constants  are  to  be  obtained  using  the  oxidation  of  TMB  in 
KOl-coati  d  vessels  as  a  source  of  HO  radicals. 

With  mutual  termination,  there  is  no  explicit  solution  of  the  simultaneous 
differential  equations  involved  and  numerical  methods  of  solution  have  to  he 
adopted.  In  collaboration  with  the  Department  of  Applied  Mathematics,  a 
suitable  program  has  been  written  to  solve  the  second  order  differential 
equation  in  the  ease  where  chain  initiation  results  only  from  the  do  compos i t i on 
of  TMB.  Since  the  concentration  of  TMB  is  uniform  across  the  reaction  vessel, 
the  rate  of  initiation  is  also  unifrim.  Solution  of  the  problem  using  the 


v  % 
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computer  program  requires  an  intelligent  guess  as  to  the  radical 
concentration  at  the  centre  of  the  vessel,  and  experience  has  enabled  this 
to  be  achieved.  The  results  show  that  again  the  total  termination  rate 
may  he  some  20 X  higher  than  if  interaction  is  ignored. 

However,  the  real  situation  is  more  complex  since  H^O^  can  dissociate 
by  reaction  (6)  and  thus  also  produce  chain  centres.  Moreover,  since 
H^O^  is  produced  from  H09 ,  its  concentration  is  not  uniform  across  the 
vessel,  and  its  diffusion  to  the  surface  has  also  to  be  considered.  litis 
creates  a  pair  of  simultaneous  differential  equations  which  have  to  be 
numerically  integrated, and  to  obtain  a  solution,  starting  values  of  the 
concentrations  of  HO  and  H.,0.,  at  the  centre  of  the  vessel  have  to  be 
provided.  If  the-  guesses  are  not  sufficiently  accurate,  the  program  finds 
erroneous  solutions.  This  difficulty,  arising  from  the  stiffness  of  the 
equations,  has  slowed  down  progress,  particularly  at  the  higher  temperatures 
when  assessment  of  the  starting  values  is  more  critical. 

From  the  results  so  far  obtained  for  the  extent  of  interaction, 

the  observat  i  ('ns  at  440°C  have  been  re-examined.  The  value  of  k.  is 

4  1  3  -1-1 

effectively  unaltered,  hut  the  revised  value  of  is  2.07  x  10  dm  mol  s 
The  increase  of  about  20%  on  the  previous  figure  is  entirely  due  to  the 
interaction  phenomena.  With  an  accurate  value  for  k,  now  available,  the 
TMB  oxidation  can  now  he  used  as  a  source  of  HO,,  radicals  so  as  to  obtain 
rate  constants  for  HO  •»  some  additive. 

This  vaiiu  tor  k,  represents  the  first  direct  determination  of  a 
rate  const  -mt  for  the  HO,,  radical  with  an  alkane.  The  uncorrected  value 
was  repot  . ed'^  at  the  Seventeenth  International  Combustion  Symposium  at 
heeds  in  19  78. 
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(c)  Tlie  mol  ecul  nr  do  compos  i  t  i  on  of  2 ,2 , 3,  3-  to  t  rame  tliy  lhut  ;ino 

A  small  amount  (ca.  1%)  of  i-butane  is  found  in  the  decomposition  of 
TMB  in  the  presence  of  .  The  rate  of  production  of  i-butane  is  first 
order  in  TMB,  and  is  independent  of  the  concentration  of  0^  ,  of  inert 
gas  addition,  and  of  vessel  diameter.  These  observations  leave  as  the 

only  possibility  a  molecular  mechanism  for  i-butane  formation. 

(CH3)3C-C(CH;j)3  =  i-C4Hio  +  i_CAH8  (1M) 

Study  of  the  molecular  decompositions  between  420-540°C  gives  the 

Arrhenius  parameters  A^  =  7.8  x  10*  ^  s  *,  E  =  275  -  1  .  5  kJ  mol  *  . 

The  A  factor  is  consistent  with  that  expected  for  a  four-centre 

transition  state.  These  parameters  appear  to  be  the  first  reported  for 

the  non-chain,  molecular  decomposition  of  an  alkane.  This  work  has 
20 

been  publ ished. 
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(d)  Reaction  of  radicals  with  0? 

In  a  previous  report,  the  rate  constant  for  reactions  of  H()9 

radicals  with  C  H  was  determined  by  measuring  the  relative  yields  of  isobutene 
2  6  " 

and  C„H.  formed  when  C.H,  is  added  to  TMB  +  0»  mixtures.  With  the 
2  4  2  6  2 

simplest  mechanism  involving  reactions  (l)-(3),  (10)  and  (11),  the 


relative  yields  are  given  by  equation  (iii) 

H°2  +  C2H6 

-> 

C2H5 

+ 

H2°2 

(10) 

C2H5  +  °2 

C2H4 

+ 

ho9 

(ID 

d[c2H4]/d[i-C4Ha] 

-► 

k10^C2H6 

]/k3 

(iii) 

In  an  accurate  evaluation  of  k 

10 

,  allowance 

mus  t 

be  made  for 

the  occurrenc 

of  reactions  (4)-(9),  as  well 

as 

rear  ti  on  (  12)  , 

and  detailed 

compute  r 

interpretation  is  in  progress. 

OH  +  C.,H 

-> 

C2H5 

+ 

HO 

(12) 

Although  the  predominant  product  formed  from  C2 is  a  trace  of 

ethylene  oxide  (C^H^O)  is  formed  and  the  ratio  can  be 

accurately  measured  as  a  result  of  the  increased  sensitivity  and  reproduci hi  1  i  i\ 
possible  with  a  recently  acquired  Perkin-E lmer  Sigma  I  gas  chromatograph. 

It  is  found  that  at  small  extents  of  reaction,  the  ratio  £coH , oj  is 
constant  at  93  at  500°C ,  but  that  the  ratio  decreases  as  the  reaction  proceeds , 
almost  certainly  because  of  reaction  (13). 

('.,11 4  +  H09  *  (:2H4°  +  0H  ( !  3) 

Since  the  initial  ratio  =  kn^k14’  t,le  vari-at^c'n  o{  thc 

initial  ratio  with  temperature  over  the  range  400-540°C  has  been  used  to 
obtain  the  Arrhenius  parameter  A^/A^  =  13.6  -  2.1,  E^,  -  =  12.5  -  1.0 

kJ  mol  1 . 


C2H5  +  °2  -  t2H4°  +  0H  (14) 

From  measurements  of  the  trace  amounts  of  butane  formed  by  reaction  (15), 
the  concentration  of  C2H^  radicals  can  be  calculated  from  the  known  value  of 


c2h5 


c2H5 


Since  d[02H4]/dt  =  k  ^ ^Hjoj  , 


C4H10  <15> 

the  measurement  of  the  rate  of  formation 
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of  C-H,  can  be  used  to  obtain  k,,  =  7.7  x  10^  dm^  mol  ^  s  ^  at  540°C. 
Ik  11 


Combination  of  this  value  with  an  independent  estimate  at  440°C  gives 


Q  Q  1  O  _  1  _  I  _  ] 

=  10  dm  mol  s  ,  E^  =  16.2  kJ  mol  ,  which  are  considered 


to  be  the  most  reliable  parameters  available  for  this  reaction. 


From  these  parameters  for  A^,  E^,  values  of  =  6.3  x  10 '  drn  mol 


E,,  =  28.7  kJ  mol  are  obtained.  However,  the  overall  reaction  (14)  is 
14 


considered  to  proceed  by  a  peroxy  radical  isomerisation  and  decomposition 
process,  represented  by  equations  (16)-(18). 


C2H5 

+  °2 

C2H5°2 

(16) 

C2H5°2 

->■ 

C„H  00H 
l  4 

(17) 

C0H  00H 
l  4 

-> 

C0H.  0  +  OH 

l  4 

(18) 

On  the  assumption  that  (18)  is  the  sole  reaction  of  C?H^00H  radicals,  and 
that  reaction  (16)  is  effectively  equilibrated,  the  rate  constant  k  = 


K  k  .  Using  Benson's  additivity  rules  to  evaluate  K  ,  the  experimental 
lb  17  i  ^  29  lb 

values  of  A,,,  E,.  given  above  lead  to  A.  ,  =  10  '  s-*  E,-.  =  144.0  -  10 

_^1414  1/  1  / 

k.J  mole  .  The  values  are  the  first  experimental  determinations  of  the 


Arrhenius  factors  for  such  reactions.  This  value  of  A  is  a  factor  of  ten 

1  / 


higher  than  the  figure  suggested  by  Benson  for  similar  isomerisations  of 
alkylperoxy  radicals  to  the  hydrope roxyalky 1  radical  which  give  oxetans 
on  decomposition.  Since  these  involve  a  6-membered  ring  in  the  transition 
state,  compared  to  a  5-me.ibered  ring  of  reaction  (17),  this  is 
consistent  with  transition  state  theory  which  indicates  that  the  A  factor 
for  such  isomerisation  reactions  should  increase  significantly  as  the  ring 
size  decreases. 


This  work  has  been  accepted  for  publication. 
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(e)  Reactions  of  t -butyl  radi cal s 


The  basic  mechanism  involving  reactions  ( 1 ) — ( 3 )  indicates  that  ! 

i 

the  decomposition  of  TMB  in  the  presence  of  offers  a  controlled 


source  of  t-butyl  radicals. 

If  H  is  added, 

z  U  lu 

i  s 

• 

formed  by 

reaction  (19),  and  the 

competition  between  reactions 

(2) 

and  (19)  gives 

e  xp  re  s  s  i  on  (  i  v  )  . 

t‘C4H9 

°2 

=  i'Vs  + 

ho2 

(2) 

C-C4H9 

H2 

"  ^VlO  + 

H 

(19) 

€i-C4H10Mc4H 

kl9[H2]/k2[02] 

(iv) 

In  using  equation  (iv)  allowance  must  be  made  for  the  occurrence  of 
reactions  (9)  and  ( IN)  in  which  i -butene  is  formed  but  not  via  the 
t-C^Hg  radical,  and  for  reaction  ( 1M)  which  forms  i-butane  by  a  molecular 
process.  Because  of  the  small  yields  of  i-butane,  high  ratios  (100-300) 
of  must  be  used.  The  ratio  d^i-C^H^J/d^i-C^Hg]]  is  found  to 

be  proportional  to  Ch2J/£oo3  as  predicted  by  equation  (i  v),  and  the  ratio 
k2/k i9  varies  from  11,950  to  3,180  over  the  temperature  range  440-540°C, 
corresponding  to  values  of  A-^/A^g  =0.35  -  0.10,  (E^g  -  E^)  =  61.9  i  2.0 
kJ  mol  ^ .  Use  of  the  known  value  of  k_^g  and  of  thermochemical  data  for 
reaction  (19)  gives  the  values  A  „  =  2.30  x  10^  dm3  mol  1  s  *,  E  q  =  71.0  -  6.0 

—  I  O  O  _  j  __  1  __  1  * 

kJ  mol  ,  A9  =  8.0  x  10  dm  mol  s  ,  E0  =  9.1  -  10  kJ  mol  .  Although 
subject  to  some  uncertainty,  the  low  value  for  E,,  confirms  the  view  that 
reactions  of  alkyl  radicals  with  0.,  to  give  the  conjugate  alkenc  have  a 
low  activation  energy. 

The  data  are  mostly  self-consistent  with  a  value  of  A,H(t-C.H  )  = 

i  4  y 

16.1  kJ  at  480°C.  This  corresponds  to  a  value  of  D°  „(t-C,H  )of  392.7 

A  ° 

kJ  mol  .  This  value  is  some  10  kJ  mol  higher  than  earlier  estimates 
by  other  workers,  but  is  consistent  with  values  recommended  for  other 
alkyl  radicals  which  are  listed  in  section  6. 

21 

This  work  has  been  published. 
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(f)  Reactions  of  H02  radicals  with  alkanes,  alkenes  and  carbon  monoxide 


There  is  considerable  difficulty  in  finding  a  suitable  source  of  HO „ 
radicals  in  the  temperature  range  400-550°C,  since  with  most  methods  of 
production  of  this  radical,  it  is  accompanied  by  more  reactive  radicals. 
However,  the  decomposition  of  TMB  in  the  presence  of  0^  offers  a  source 
of  HO,  radicals  since,  as  already  indicated,  the  mechanism  is  described 


radi cals 

s  i  n  co 

,  as 

already  indicated,  the 

mechanism  is 

describe 

easonab le 

accur 

acy  by  reactions  (l)-(3)  and 

(5)  below. 

(ch3)3c- 

■c(ch3 

)  3 

=  2  t~C  H 

q 

9 

'-C4H9 

+ 

°2 

=  + 

HO, 

(2) 

HO 

surface 

2°  2 

(3) 

H°2 

+ 

ho2 

=  h2o2 

°2 

(5) 

An  added  alkane,  such  as  ethane,  will  be  removed  by  reaction  (10),  the 
predominant  reaction  of  the  C,H^  radicals  produced  being  to  form  C,H^  by 
reaction  (11). 


ho2  ♦  c2h6  =  c2h5  4  h2o2  (10) 

C2H5  4  02  =  HO,  +  C,Ha  (11) 

If  H02  radicals  are  predominantly  destroyed  by  reaction  (3),  the  above 
scheme  gives  the  rate  expression  (v)  ,  whereas  if  reaction  (5)  predominates 
over  (3),  the  rate  expression  (vi)is  obtained. 

d[c-2HA]/d[i-C4H8]  =  ><10[c’2H6]/k3  (v) 

d[c,^Mi-C4H8]  -  O.Sklu[C2H6]/(k1k5rTMB])1  (vi ) 

Expression  (v)  is  found  to  be  approximately  correct  at  low  temperatures 

and  pressures,  where  the  HO,  concentration  is  low,  whereas  expression  (vi) 

is  approached  as  the  temperature  and  pressure  increase.  For  accurate 

treatment,  allowance  must  be  made  for  the  dissociation  of  hydrogen 

peroxide,  reaction  of  HO,  radicals  with  TMB,  reaction  of  OH  radicals  both 

with  ethane  and  TMB,  reactions  of  C„Hr  and  t-C.H„  radicals  with  0»  to 

2  j  4  9  2 

give  products  other  than  the  conjugate  alkene,  formation  of  i-butene  by 
the  molecular  reaction  (1M)  and  by  the  decomposition  reaction  (9)  of 
the  TMB  radical.  All  these  effects  are  allowed  for  in  a  suitable 
computer  treatment  of  the  mechanism.  Allowance  is  also  made  for  a  small 
amount  of  ethylene  formed  by  a  surface  reaction,  this  process  being  most 
important  at  low  TMB  concentrations  and  low  ethane  concentrations. 


4  3  -1  - 

Preliminary  interpretation  gives  a  value  of  =  1.27  x  10  dm  mr>l  s 
but  a  more  precise  value  has  awaited  the  examination  of  the  interaction  between 
homogeneous  and  heterogeneous  termination,  discussed  in  section  (5b),  which 
affect  the  stationary  concentration  of  HO2  radicals  in  the  oxidation 

of  TMB.  The  detailed  examination  now  proceeding  suggests  a  value  of  k 

.  ..  1  c  ir,4  3  -1  -1  10 

close  to  1.5  x  10  am  mol  s 

The  above  studies  with  ethane  have  shown  that  the  decomposition  of 
TMB  in  the  presence  of  0 2  provides  a  very  convenient  source  of  HO 2  radicals 
and  a  detailed  study  of  their  reactions  with  a  wide  range  of  alkanes  and 
alkenes  is  planned.  Very  few  rate  constants  for  these  reactions  are 
avai lable . 

Isobutene  is  the  major  initial  product  (99%  yield)  when  TMB  is 
decomposed  in  the  presence  of  0^  in  KCl-coated  vessels  over  the  temperature 
range  420-540°C.  Later  in  the  reaction,  secondary  products  are  formed 
from  isobutene  and  affect  the  overall  kinetics.  Studies  have,  therefore, 
been  made  of  the  addition  of  isobutene  to  slowly  reacting  mixtures  of 
TMB  +  0^  with  two  major  objectives. 

(i)  A  determination  of  the  Arrhenius  parameters  for  the  reaction  of 
HO^  radicals  with  isobutene. 

ho2  +  (ch3)2c=ch2  ->  (ch3)2c-ch7  +  OH 

0 

Very  little  information  is  available  on  the  addition  reactions  of  H02 
radicals  with  alkenes. 

(ii)  A  general  study  of  the  chemistry  of  isobutene  oxidation  in  the 
TMB  +  02  system,  which  will  also  permit  the  interpretation  of  the  parent 
system  to  be  carried  out  further  into  reaction  than  is  possible  at  present. 

Analytical  studies  at  470°C,  using  a  mixture  containing  2,  1,  30, 
and  27  Torr  of  TMB,  isobutene,  02 ,  and  N^,  show  that  the  major  initial 
products  are  acetone  (20%  yield),  isobutene  oxide  (20%),  propene  (15%), 
methane  (11%),  2-methylprop-2-en-l-al  (11%),  isobutyraldehyde  (5%), 
ethylene  (5%),  2-methy lbutene-1  (5%),  and  allene  (4%).  Analyses  are 
currently  being  carried  out  for  HCH0,  CO,  and  C02<  Variation  in  the 
mixture  composition  does  not  greatly  affect  the  product  distribution. 

The  concentration  of  isobutene  oxide  reaches  a  maximum  early  in  the 
reaction  since  it  is  rapidly  removed  by  isomerisation  processes;  this 
has  been  confirmed  by  direct  studies  of  the  isomerisation  of  isobutene 
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oxide.  Plausible  mechanisms  for  the  formation  of  the  products  can  be 
suggested  and  from  further  analysis  in  the  very  early  stages  of  reaction, 
by  the  use  of  magnetic  valves  to  obtain  precise  reaction  times,  rate 
constants  for  several  of  the  important  elementary  reactions  should  be 
determined  for  the  first  time. 

Studies  are  also  being  made  with  the  addition  of  ethylene,  to 
examine  the  possibility  that  the  reaction  HO^  +  C2H^  i-s  Pressure  dependent. 

Although  the  reaction  between  HO2  radicals  and  CO  is  an  important 
step  in  various  combustion  processes,  its  rate  constant  and  Arrhenius 
parameters  are  still  uncertain. 

H02  +  CO  -+  C02  +  OH  (20 ) 

Attempts  have  been  made  to  study  reaction  (20)  by  the  addition  of  CO 
to  mixtures  of  te trame thy lbutane  +  02  in  KCl-coated  vessels.  Although 
reproducible  results  can  be  achieved  by  careful  conditioning  of  the 
reaction  vessel,  it  is  clear  that  a  significant  proportion  of  the  C02 
is  formed  at  the  vessel  surface,  and  thus  a  reliable  rate  constant  cannot- 
be  determined. 

Recently,  however,  aged  boric-acid-coated  vessels  have  been  used 
with  considerable  success  and  surface  effects  appear  to  be  absent. 

Although  the  radical  ratio  *s  cor,siderably  higher  than  in  the 

KCl-coated  vessels,  the  formation  of  C02  through  the  reaction  of  OH 
radicals  with  CO  may  be  accurately  calculated  and  does  not  exceed  about 
102  of  the  total  yield.  A  preliminary  value  of  =  9.6  x  10  dmJ  mole  s 

at  470°C  has  been  obtained.  The  study  is  currently  being  extended  to 
cover  the  temperature  range  420-500°C  and  by  combination  with  independent 
data,  reliable  Arrhenius  parameters  for  reaction  (20)  should  be  obtained. 


4  0 


(g)  The  oxidation  of  2 , 2 , 3 , 3- te t rame thy lbut nne  in  hori  c-aci  d-contcd  _ves_sejs 

Although  the  efficient  destruction  of  HO^  radicals  and  of  at 

a  KCl-coated  surface  minimises  the  role  of  OH  radicals  produced  by  the 
dissociation  reaction  (6)  of  ^^02*  use  of  this  surface  has  two  disadvantages. 

HO,  +  M  20H  +  M  (6) 

(i)  As  the  temperature,  and  hence  the  concentration  of  HO  2 ,  increase, 

H,0,  is  formed  increasingly  by  reaction  (5)  and  its  dissociation  becomes 

more  important.  Allowance  for  this  is  complicated  by  the  interaction  between 
homogeneous  and  heterogeneous  termination,  discussed  in  section  (5b). 

(ii)  The  KCl-coated  surface  deteriorates  with  use,  so  that  weekly  re-coating 
is  necessary,  thus  slowing  down  the  experimental  work. 

As  a  consequence,  the  reaction  has  been  re-examined  in  aged  boric-acid- 
coated  vessels,  where  surface  destruction  of  HC^  and  H202  is  effectively 
negligible.  A  detailed  study  has  now  been  carried  out  between  400  and  470°C; 
this  range  will  be  extended  to  at  least  500°C  by  the  use  of  precision 
solenoid  valves  for  the  accurate  control  of  reaction  time.  Wide  variations 
in  the  concentrations  of  02 ,  TMB,  and  total  pressure  have  been  used  in  order 
to  confirm  the  mechanism  and  to  maximise  the  information  derived  from  the 
svs  tem. 

The  reaction  is  markedly  autocatalv ti c  due  to  the  occurrence  of 
reaction  1,6)  and  the  extent  of  autocatalysis  increases  markedly  with  increase 
in  total  pressure.  As  the  HO  does  not  rapidly  reach  a  stationary 
concentration  as  in  KCl-coated  vessels,  but  continues  to  build  up  for  at 
least  307c  of  the  reaction,  the  partial  differential  equations  for  reactants 
and  for  H,0  have  to  be  solved  by  numerical  integration  using  a  computer 
treatment. 


Computer  intepre tation  confirms  that  the  system  is  a  promising  source 
of  HO  and  of  OH  radicals.  By  use  of  an  optimisation  procedure,  preliminary 

values  of  k.  =  2.2  x  10"5  s"1,  k  /k  *  =  0.48  (dm3  mol"1  s"V  at  440°C 

1  5  -5-1  1  3 

are  obtained,  which  compare  with  k.  =  2.6  x  10  s  and  k./k_z  =  0.48  (dm 

-1-1  1  ^  . 
mol  s  )  for  the  KCl-coated  vessels.  At  present  the  sensitivity  of  the 

optimised  parameters  to  changes  in  the  other  rate  constants  used  in  the 

computer  treatment  is  being  examined.  When  the  studies  are  complete, 

Arrhenius  parameters  for  reactions  (1)  and  (4)  will  be  obtained,  together 


•  * 


6. 


The  decomposition  of  2 ,2 , 3-trimethylbutane  in  the  presence  of  oxygon 

Although  the  strain  in  the  central  C-C  bond  in  2 ,2 , 3-trimethylbutane 
(TRIMB)  is  less  than  in  2 ,2 ,3, 3-te trame thy lbutane  (TMB) ,  it  is  still 
sufficient  for  the  homolysis  of  the  bond  to  be  reasonably  fast  at  about 
500°C.  As  the  t-C^H^  and  i-C^H^  radicals  produced  predominantly  react 
with  to  give  the  conjugate  alkene  and  H02 ,  the  following  simple 


scheme  forms  the  basis  of  the  mechanism  in  KCl-coated 

radicals  are  efficiently  destroyed  at  the  surface. 

vessels  where 

h°2 

(ch3)3c-ch(ch3)2 

-  t-C4H9 

i-C3H7 

(21) 

t-C4«9  +  02 

"  i_C4H8 

H02 

(2) 

i-C3H7  ♦  02 

C3H6 

HO 

(22) 

H0o 

i. 

surXace  1h2o 

\o2 

(3) 

This  simple  mechanism  gives  the  rate  expression  (vii)  exactly  analogous 
to  expression  (i)  obtained  with  TMB. 

-d[TRlMB]/dt  =  k21[TRlMB31[02]°  (vii) 

Experimentally  the  rate  is  found  to  be  zero  order  in  02 ,  but  the  observed 

rate  constant  k  ,  increases  with  the  concentration  of  TRIMB  because  of 
obs 

the  significant  chain  contribution  from  HC>2  and  OH  attack  on  TRIMB.  By 

a  double  extrapolation  of  the  observed  rate  constant  k  ,  to  zero  extent 

obs 

of  reaction  for  a  given  initial  concentration  of  TRIMB  and  to  zero  initial 
concentration  of  TRIMB,  accurate  values  of  lo>  ^  are  obtained  at  480°C  and 
500°C.  Combination  with  Tsang's  results  at  higher  temperatures  then 
gives  (A  i/s  ^ )  =  16.46  —  0.12  and  E  2j  =  305  “  1.5  kJ  mol  ^  over  the 

temperature  range  480°-925°C.  Combination  of  theSv  parameters  with  those 
for  reaction  (-  21)  gives  further  information  on  the  thermochemistry  of 
t-C^Hg  and  radicals,  which  has  been  the  subject  of  considerable 

recent  discussion.  Table  10  gives  the  enthalpies  of  formation  of  t-C^H^ 
and  i-C^H^  radicals  together  with  the  recommended  values  for  CH^  and 
C2H^  radicals. 
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Table  10 

Thermochcmi  ca  1  vaUi£S_  of  alkyl  radicals 


R 

Aj-H^g/kJ  mol  1 

D298(R_H)/kJ  mo1 

CH3 

145.6+1.0 

438.4+1.0 

c2h5 

118.0+4.0 

420.5+4.0 

i-e  h 

80.8+4.0 

402.5+4.0 

-CA»9 

37.6+2.0 

390.2+2.0 

From  the  variation  of  k  ,  with  the  concentration  of  TRIMB,  a 

obs  53-1-1  o 

preliminary  estimate  of  k  =  (3.1  -  0.6)  x  10  dm  mol  s  at  500°C  has 

been  obtained. 

HO  2  +  (CH3)3G-CH(CH .),  -  (CH3)3CC(CH3)2  +  H202  (2  3) 

Although  i-butene  and  propone  are  the  major  initial  products 
(ca.  80"  initial  yield),  as  predicted  by  the  mechanism,  2 , 3, 3-trimethyl- 
but-l-ene  is  formed  in  about  15%  yield  together  with  smaller  amounts  of 

2, 3-dime  thy lbut-2-eno .  From  the  variation  in  the  relative  yields  of  the 

two  products  with  mixture  composition,  it  has  been  established  that  they 
are  formed  in  reactions  (2A)  and  (25). 

(nij,jcc(Cii3).)  +  o,  -  (ch3)3i;-g(ch3)=ch,  +  ho2  (:;) 

(CH3)3Gl'(CH3)0  ••  (CH3)0C-C(CH  ),  +  CH3  (23) 

A  v.ilue  of  =  l.A  x  10^  at  500°C  has  been  obtained,  which  is 

consistent  with  the  rate  constants  for  other  'strained'  alkyl  radical 
decomposition  as  shown  in  Table  7. 

23 

This  work  has  now  been  published. 


44 


7.  The  reaction  between  hydrogen  and  nitrous  oxide 

The  reaction  between  hydrogen  and  nitrous  oxide  has  been  studied 
mass  spectrometri  cally  at  500°C  in  a  Pyrex  vessel  to  confirm  the  mechanism 
below  suggested  by  a  study  of  the  reaction  at  600°C,  and  to  obtain  the 
activation  energies  of  some  of  the  reactions  involved. 


n2o 

+ 

M 

= 

n2  ♦ 

0  + 

M 

(1) 

0 

»2 

= 

OH 

+ 

H 

(2) 

H 

+ 

n2o 

= 

OH 

+ 

n2 

(3) 

OH 

+ 

H2 

= 

h2o 

+ 

H 

(4) 

H 

+ 

N20 

= 

NH 

+ 

NO 

(7) 

NH 

+ 

n9o 

= 

HNO 

+ 

N2 

(8) 

H 

+ 

HNO 

= 

H2 

+ 

NO 

(9) 

OH 

+ 

HNO 

= 

h2o 

+ 

NO 

(10) 

H  + 

NO 

+  M' 

= 

HNO 

+ 

M' 

(11) 

UNO 

+ 

HNO 

= 

H20 

+ 

n2o 

(12) 

UNO 

M' 

= 

H  + 

NO  + 

M’ 

(13) 

HNO 

+ 

NO 

= 

OH 

+ 

n2o 

(14) 

The  behaviour  of  the  reaction  at  500°C  is  very  similar  to  that  at 
600°C.  Nitric  oxide  is  formed  as  a  minor  product,  reaching  a  maximum 
concentration  and  then  decreasing  as  the  reaction  proceeds.  The  self- 
inhibition  characteristics  of  the  reaction  are  due  to  the  marked  retarding 
effect  of  nitric  oxide  on  the  reaction.  Attention  has  been  conc<ntrated 
on  the  [NO],  time  profile  for  the  mixture  [n^o]  =  [h^]  =  [Ar]  =  100  Torr 
and  on  the  initial  rates  of  nitrogen  formation  when  small  amounts  of 
nitric  oxide  (0.1-5  Torr)  are  added  to  this  mixture.  This  avoids  the 
difficulties  caused  by  uncertain  coefficients  for  H2  and  Ar  relative  to 
N^  as  M  in  reaction  (1)  when  the  concentrations  of  the  main  react.jits  are 
varied . 

Use  of  a  computer  treatment  already  developed  to  interpret  the 
results  at  600°C  shows  that,  as  at  600°C,  several  combinations  of  rate 
constants  will  give  a  satisfactory  interpretation  of  the  results.  Work 
is  continuing  to  establish  the  best  combinati on  of  rate  constants  and  to 
use  the  computer  program  to  examine  what  experiments  might  provide  further 
information  on  this  system. 

Some  studies  have  been  made  involving  the  addition  of  ethane  to  slowlr 
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reacting  mixtures  of  +  N^O  at  350°C  with  the  intention  ot  using  the 
system  as  a  source  of  H  and  OH  radicals  in  the  absence  of  09.  The 
major  product  initially  is  ethylene,  hut  it  rapidly  reaches  a  steady 
concentration,  probably  due  mainly  to  the  equilibrium  (13). 

H  +  C9H,  =  C9H  (13) 

4  s  2  3 

Once  equilibrium  has  been  established,  methane  becomes  the  major  product 
and  the  kinetic  features  of  the  reaction  suggpst  that  it  is  produced  by 
reactions  (16)  and  (17). 

H  +  C  11.  =  2  OH  (16) 

2  3  3 

CH,  +  H,  =  CH.  +  H  (17) 

J  2  4 

It  was  hoped  that  alkoxy  radicals  might  be  produced  by  reaction  (18), 
so  that  their  behaviour  could  be  investigated,  but  no  evidence  for  this 
reaction  has  been  found. 

C,H  +  N-,0  =  C9H50  +  N9  (18) 
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Appendix  I 


Rate  Constants  for  the  i-C^H^  Radical  System 

at  480 

3C 

i 

» 

i 

Reaction 

k/dm^ 

,mol ,s 

note 

i 

ch3ch(ch3)ch2 

C3H6  +  CH3 

8.8 

X 

104 

ch3ch(ch3)ch2  +  o2 

i-C4H8  ♦  H02 

6.8 

X 

10  7 
r\ 

i 

| 

ch3ch(ch3)ch2  +  o2 

CH3CH(CH3)CH202 

1.0 

X 

109 

a 

i 

ch3ch(ch3)ch2o2 

CH3CH(CH3)CH2  +  02 

2.6 

X 

106 

b 

t 

i 

ch3ch(ch3)ch2o2 

CH3CH(CH2OOH)CH2 

4.45 

X 

io4 

b 

CH3CH(CH2OOH)CH2 

ch3ch(ch3)ch2o2 

1.35 

X 

io6 

b 

ch3ch(ch3)ch2o2 

CH3C(CH3) (CH200H) 

1.83 

X 

io5 

b 

CH3C(CH3) (CH200H) 

CH3CH(CH3)CH202 

8.3 

X 

IO5 

b 

CH3CH(CH2OOH)CH2 

3-methyloxetan  +  OH 

(1-2) 

X 

106 

c 

,1 

CH3C(CH3)(CH2OOH) 

isobutene  oxide  +  OH 

1.8 

X 

106 

c 

CH3CF(CH2OOH)CH2  +  02  = 

CH3CH(CH200H)CH202 

1.0 

X 

109 

a 

CH3CH(CH200H)CH209 

CH3CH(CH2OOH)CH2  +  02 

2.6 

X 

io6 

b 

f 

CH3C(CH3) (CH200H)  +  02  = 

CH3C(CH3)(CH200H)02 

1.0 

X 

IO9 

a 

•t 

CH3C(CH3)(CH200H)02 

CH3C(CH3)(CH2OOH)  +  02 

7.5 

X 

io6 

b 

CH3CH(CH200H)CH202 

CH3CH0  +  2HCH0  +  OH 

(1-2) 

X 

IO6 

r 

c 

i 

CH3C(CH3)(CH900H)02 

CH3COCH3  +  HCHO  +  H02 

3.0 

X 

IO6 

c 

c 

* 

* 

\ 

1 1 

CH3C(CH3) (CH200H) 

CH2=C(CH3)CH2OH  +  OH 

1.3 

X 

io5 

c 

CH3C(CH3) (CH900H) 

CH2=C(CH3)CHO  +  OH  +  H2 

1.3 

X 

io5 

c 

; 

CH  C(CH  )(CH  00H) 

(CH-)-CHCHO  +  OH 

4.2 

X 

io5 

c 

Assumed  value. 


The  values  are  dependent  on  the  calculated  value  of  K(R  +  02). 
The  values  are  determined  from  maximum,  and  minimum  limits. 


% 
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Appendix  II 

Rate  Constants  for  the  Oxidation  of  Pentane  at  480°C 


Reaction 


ch3ch2chch2ch3 

ch3chch2ch2ch3 

ch3ch(o2)ch2ch2ch3 

CH3CH(09)CH2CHoCH3 

CH  CH(OOH)CH2CHCH3 

CH3CH(00H)CH2CH(02)CH3 

CH  CH2CH2CH2CH2  +  02 

CH  CH0CH-CH.CH  0. 

3  2  2  2  2  2 

ch3ch2ch9ch2ch2o2 

CH3CH2CHCHnCH2OOH 
CH  CH2CH(02)CH2CH200H 


=  CH3CH2CH=CH2  +  CH3 
=  CH3CH=CH2  +  C2H5 
=  CH3CH(OOH)CHCH2CH3 
=  CH3CH(OOH)CH2CHCH3 
=  2 ,4-dimethyloxetan  +  OH 
=  2CH3CHO  +  HCHO  +  OH 

=  ch3ch2ch2ch=ch2  +  ho2 

=  CH3CHCH7CH2CH200H 
=  CH2CH2CH2CH2Ci:2OOH 
=  2-e thy loxe tan  +  OH 
=  C2H5CHO  +  2HCH0  +  OH 


k/s  ^  note 

1.6  x  105 

2.3  x  105 

4.7  x  104 

3.0  x  105 

1.0  x  106  b 

5  x  105  b 

2.9  x  108  a 

6.6  x  105 

9.3  x  104 

1.0  x  106  b 

8  x  105  b 


3  -1  -1 

Units,  dm  mol  s 

Values  determined  from  maximum  and  minimum  limits. 


